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Introduction

At the Congress, 21 plenary papers, 8 keynote papers and 140 technical papers
were presented. The opening address was given by H E Dr. Altwaijri, director
general of the ISESCO and WREN honorary chairman, representing 54 countries,
who presented his excellent talk ‘Leading Role of ISESCO in the field of Renewable
Energy and the Promotion of the Concept of Green and Sustainable Cities in the
Islamic World’.

The message from Professor Ali Sayigh to the participants at the opening was:

On behalf of the World Renewable Energy Network and
Congress, I welcome you all to our 28th anniversary
Congress at the University of Kingston, London,
UK. Once again, it gives me very great pleasure to
welcome our permanent member of WREN Council, H
4 E Dr. Altwaijri, our honorary chairman, and the rest of
my distinguished colleagues from more than 60
countries.

WREN, with your continued support, has managed to
change the equation of ‘energy from fossil-fuel’ to
‘renewable energy fuel’.

Recently, the second largest exporter of oil, the
Kingdom of Saudi Arabia, embraced renewable energy on a very large scale. Their
present power capacity is 77 GW, and they are planning projects of renewable
energy to generate 200 GW by 2030.

In Europe, the EU has set an energy consumption target of 32% from
renewables. However, this figure is considered by many to be too low since
renewables already nearly meet this amount and bearing in mind that the target
did not include biomass.

Meanwhile, China has already reached its 2020 carbon emission reduction goal
2 years ahead of its target. India is another country which contributes on a large
scale to global pollution but now aims to install 100 GW of renewables by 2022.
Many countries in the world are now embracing renewable energy not only because

Xiii
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it is clean and cost-effective but also because it reduces energy imports and creates
local jobs.

While the outlook for renewables is in many places very encouraging, there was
a feeling of dismay at the recent withdrawal by the US from the Paris Agreement on
Climate Change to be effective in 2020. Nevertheless, many States in the US will
continue to implement their own renewable energy policies and place the US among
the leading renewable energy producers.

Now, it is up to you, the participants in this Congress, to continue to spread and
develop all forms of renewable energy and to commit yourselves to the very urgent
reduction of the climate change effect. It goes without saying that this goal includes
the improvement of energy efficiency and energy conservation through recycling
and sustainable development. I urge you to do this not primarily for the sake of
renewable energy industries but more importantly for the future welfare of our
fragile environment.

Our thanks to all the sponsors and to the staff and students of Kingston University
for their generous support and help. My thanks and gratitude to the Technical
Committee and our publishers, Springer (USA) and EDP (France), who are attending
the Congress in person.

Special thanks to ISESCO and their Director General, Dr. Altwaijri, who is
WREN honorary chairman and main supporter of WREN during the last 18 years.
My thanks to Dr. Doukas and the European Commission in supporting WREN
Congresses over the last 4 years. Last, but not least, our thanks to the Institute of
Engineering and Technology, in particular to Mrs. Jones in sponsoring WREN
Congresses over the last 5 years.

I wish you a great success in your research and utilization of green energy and
seize this opportunity to network and learn from each other while you are in London.
Wishing you a very enjoyable time.

One of our pioneers and invited speakers to WREC-18, Prof. David Elliott, Open
University, has written a summary of the event which was published by Physics
World (IoP); the link is https:/physicsworld.com/a/specialists-gather-at-world-
renewable-energy-congress/.

This could be an introduction to WREC-18:

‘World Renewable Energy Congress: 18 in the UK’

The World Renewable Energy Congress (WREC) is a long-running biannual
gathering of academics and practitioners, linked via the World Renewable Energy
Network (WREN) . Although UK-based, its biannual sessions, and other regular
sub-gatherings, are held all over the world. This year, however, for its 18th session,
WREC returned (for a second time) to Kingston University in suburban Surrey. Big
hitters included David Renné, president of the International Solar Energy Society,
who offered an inspiring Overview of pathways to 100% Renewable Energy, and
Rainer Hinrichs-Rahlwes, vice president, European Renewable Energies Federation
(EREF), and board member of the German Renewable Energy Federation (BEE),
looking critically at Europe’s 2030 Targets: the EU is trying, he said, but needs to
do better.


https://protect-eu.mimecast.com/s/NuN7CqlQxH737SZ4Nmr
https://protect-eu.mimecast.com/s/NuN7CqlQxH737SZ4Nmr
http://www.wrenuk.co.uk/
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Wherever it is held, WREC always attracts significant international participation,
including from Africa, with, this year, a range of technical papers being presented, for
example, on mini-grids and rural electrification. At the more general policy level,
David Elliott, Open University, and his colleague Terry Cook relayed some ideas from
their new book (https://www.palgrave.com/gb/book/9783319747866) by focussing on
the impact of market-based private investment approaches to renewable development
in Africa. The new ‘trade not aid” approach being adopted by the EU aims to stimulate
private sector investment to create new markets, something that China was already
good at, although often with less emphasis on the social and environmental aspects.

There were also several good presentations on developments in Asia, including
one on the state of play with offshore wind in Japan. It was reported that were or had
been ten projects, 40MW in all, including some 2MW floating systems and some
now at 5 and 7MW. But though the potential was very large (100s of GW for both
offshore and onshore wind), there were problems with developing wind power in
Japan. It has cumbersome EIA procedures (they can take 4 years) and three separate
regional electricity supply bodies in the East and six in the West, making grid
integration of outputs from onshore wind, which is mainly in the North, hard.
Floating offshore projects might however circumvent some of the bureaucratic
issues and supply power direct to load centres like Tokyo.

Integration is clearly an increasingly important issue, with storage being part of
that. Controversially, WREN Director Donald Swift-Hook argued that energy
storage was mostly irrelevant and that renewables were best seen as direct (fossil)
fuel savers. So, if they were available, and especially at increasingly low cost, then
just use them. Other times, use gas! Turning surplus renewables into gas (PtG)
would evidently be too expensive. So post-generation storage of renewable outputs
was basically not needed or viable: ‘Commercial storage of energy on a power
system works by arbitrage, buying cheap electricity [typically in the middle of the
night] and selling it when electricity is dear [during the day-time or evening]. If fuel
saving renewables are stored, the round-trip losses from putting their electricity into
store and taking it out again wastes some of the fuel already saved. There is no
difference in fuel costs around the clock, so storing electricity from renewable fuel
savers cannot be arbitraged or commercially justified’.

Reinhard Haas, from the Energy Economics Group at the Technical University
of Vienna, also looked at the storage issue, in the context of dealing with surplus
outputs from renewables, and their short- and long-term variations. Batteries were
OK for short-term balancing, and they reduced the strain on the grid. But pumped
hydro was needed for longer-term storage—though its cost would rise as new sites
became scarce. However, power-to-gas (PtG hydrogen/methane) would get cheaper.
But there are diminishing returns—each storage success makes it less economically
attractive to store more! Or as Haas put it: ‘Every additional storage unit makes this
one and every other less cost-effective’! That’s the so-called principle of
self-cannibalism in energy economics, which, as far as I can see, means that the
cheaper anything gets, the less profit can be made from going for more of it. But
that’s surely only if the market remains the same size—if it’s expanding, so will the
opportunity to make profits from meeting it. However, Haas says that while local


https://www.palgrave.com/gb/book/9783319747866
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batteries might do well for short-term storage, ‘in a dynamic market framework the
costs of all centralized long-term storage technologies will finally be too high to
become competitive’, and he sees competition with demand response options and
demand-side management challenging storage as well.

So, decentralized batteries apart, his final conclusion is quite grim, almost as grim
as Swift Hook’s, ‘with respect to all centralized long-term storage technologies, the
future perspectives will be much less promising than currently indicated in several
papers: new long term hydro storages will not become economically attractive in the
next decades [and] for PtG-technologies it will become very hard to compete in elec-
tricity markets, despite a high technological learning potential’, though Haas does say
that ‘for hydrogen and methane there might be prospects in the transport sector’.

There were, as ever, many papers on specific technical and operational issues and
developments (over 170 in all), with the PV solar field heavily represented, including
one from Oman, on the impacts of dust, and a nice historical one on the use of PV by
the US Vanguard satellite—a lot to take in but with some overall very positive messages.
For example, it was suggested that PV may surpass 1TW globally by 2022. It was also
suggested that new luminescent wavelength downshifting materials could boost PV
productivity significantly. That would make PV more valuable in less sunny areas—the
paper on that came from Ireland. Arguably, it might then be clearly even more prefera-
ble to biomass in land use terms. It was claimed that given the low-energy conversion
efficiency of bio-photosynthesis compared to PV cells, PV could already generate
40-80 times more power output/acre than biomass crops. Of course, the difference
would be less if it was biomass waste that was being used, an issue also well covered at
WREC. However, overall PV does seem to be romping ahead in many areas, both at the
large and small scales, with, for example, PV being used in refugee camps and in
Afghanistan’s reconstruction and hybrid PV thermal playing a role in desalination.

WREC was held in the midst of the sweltering UK summer, and interestingly,
there were some timely papers on cooling and ventilation, including, significantly,
some from China, where, with a rapidly growing more affluent urban population, this
is becoming a major issue. Much of the Middle East and Africa also has increasing
air con demand, and this will rise everywhere as climate change increases. Fortunately,
some new technologies are emerging which may help, including systems using high
heat capacity phase-changing materials. As some papers from the UAE noted, they
can also be used with concentrating solar power systems. So maybe high tempera-
tures are not always a problem—although I still would not like to be trapped on the
100th floor of a Dubai high rise when and if the currently still mostly fossil-derived
power supply fails and there are no lifts or air con. But it was good to hear that some
progress is being made on greening buildings and power there!

However, as everywhere, there is a lot more to do. As Prof. Ali Sayigh, the inde-
fatigable chair of WREC, put it, ‘many countries in the world are now embracing
renewable energy not only because it is clean and cost effective but also because it
reduces energy imports and creates local jobs...Now it is up to you, the participants
in this Congress, to continue to spread and develop all forms of renewable energy,
and to commit yourselves to the very urgent reduction of the climate change effect’.
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Chapter 1

Leading Role of ISESCO in the Field

of Renewable Energy and Promotion

of the Concept of Green and Sustainable
Cities in the Islamic World

H. E. Abdulaziz Othman Altwaijri

Honarary Chairman of World Renewable Energy
Network (WREN) and Director General of ISESCO
Excellences Ladies and gentlemen,

It is my pleasure to talk to you at the opening of the World
Renewable Energy Congress, WREC-18’, hosted by
University of Kingston, UK, and supported by ISESCO.

Allow me, first, to express my gratitude to His Excellency

Prof. Ali Sayigh, Chairman of the World Renewable
Energy Network (WREN), for his kind invitation to take
part in this Congress, for which I wish every success in
achieving its goals.

Excellences,
Ladies and gentlemen,

The choice of theme for the 18" session of the Congress clearly mirrors the major
interests of WREN, which are shared by ISESCO. The close systematic connection
between renewable energy and sustainable buildings deeply highlights the daunting
equation, whose treatment is the best solution for overcoming the dangers of climate
change, today’s primary concern of the international community.

This correlation between renewable energy and sustainable buildings is the
cornerstone of the advanced.

Concept and modern sense of eco-friendly green cities, which act as incubators
for development and a lever of progress and prosperity, preserve the environment
and contribute to promoting comprehensive sustainable development in all its fields.
As such, all the components of this equation harmoniously come together to attribute
a vital role to renewable energies in the protection of clean environment, the natural
incubator of comprehensive sustainable development.

H. E. Abdulaziz Othman Altwaijri (0<)
Islamic Educational, Scientific and Cultural Organization (ISESCO), Rabat, Morocco
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While the 17th session of the Congress, hosted by Murdoch University in
Australia, in February 2017, focused on the theme “Full Transition to Renewable
Energy”, the theme of this session reaffirms, in many ways, our collective interest
in new and outstanding initiatives in the fields of solar and wind energy, as well as
in taking cognizance of modern technologies in the fields of biomass, energy
conversion systems and biofuel, and testifies to the Congress’s progress and
WREN’s remarkable action. Moreover, this leap from “Full Transition to
Renewable Energy” to “Renewable energy and Sustainable Buildings as the
Best Solution to Climate Change” unequivocally affirms the qualitative evolution
of renewable energy concepts and their relation to sustainable buildings and green
cities in terms of concept and methodology. Thus, the continuous advancement in
this scientific field helped us lay the foundations of a new concept: green culture.
Following in the footsteps of renewable energy scientists and ecologists who
established the concept of green economy, from which the concept of green cities
was derived, green culture will be similarly tantamount to the term of peace
culture adopted in the literature of both UNESCO and ISESCO.

If the world today is in dire need for deepening the concept of peace culture to
counter the rising trends of hatred, racism, extremism and terrorism, and halt armed
conflicts arising in many regions, humanity, now and in the near and distant future,
needs to adopt the concept of green culture to be the driving force for creating
sustainable green cities based on renewable energy and sustainable buildings.

Excellences,
Ladies and gentlemen,

Against this backdrop, given ISESCO’s avid interest in the promotion of sustainable
energy use, and pursuant to the “Strategy of Developing Renewable Energy in the
Islamic World” adopted by the 3’d Islamic Conference of Environment Ministers,
held in Rabat, Kingdom of Morocco, in 2008, the Organization plays a leading role
in promoting the concept of green and sustainable cities in the Islamic world. In this
regard, and as part of the Three-Year Action Plan for 2019-2021, the new concept
of transition to green economy has been methodically inculcated in various fields
such as energy, transport, agriculture and industry. ISECO has also launched
“Islamic Green cities Excellence Award” as part of the “Kingdom of Saudi Arabia
Award for Environmental Management in the Islamic World” which was
approved by the Islamic Conference of Environment Ministers.

In addition, ISESCO will continue, under its upcoming action plan, to undertake
its role in this vital field through the implementation of a number of activities on
capacity building, and promoting innovation, while focusing on technology transfer
in the field of renewable energies. ISESCO will also continue co-holding regional
and international conferences on renewable energies, in cooperation with WREN, in
order to promote the use of these energies in its 54 Member States.

In this regard, and in furtherance of this trend, ISESCO will continue holding
experts meetings and training sessions on renewable energies. It will also promote
cooperation and expand the prospects of joint Islamic action with its partners in the
fields of renewable energies in order to deepen the understanding of these rigorous
scientific concepts and promote interest in vital issues that fall within this wide field.
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Given its prominent status in the sphere of joint Islamic action within and outside
the Islamic world, ISESCO is fully aware of the importance of the transition to
green economy in its member States, and has accordingly exerted remarkable efforts
to develop and implement strategies and action plans on green cities. ISESCO
maintained its leading role in this field and will continue to do so through the imple-
mentation of activities on capacity building, promoting innovation, and enhancing
transfer of green technology to various fields such as renewable energies, water
management, solid waste management, and biodiversity.

In this regard, a number of activities were carried out in 2018 pertaining to
sustainable green cities, including:

— National training session on sustainable management of solid waste, Bamako,
Republic of Mali.

— Funding the adoption of water projects to implement the nationally set contribu-
tions and achieve sustainable development goals: challenges, prospects and
opportunities, Nouakchott, Islamic Republic of Mauritania.

— Regional expert meeting to implement ISESCO’s Strategy on Green Cities in
Member States, Baku, Republic of Azerbaijan.

— 1 International Symposium on research works and innovative technology in the
water sector to achieve SDG 6, Amman, Hashemite Kingdom of Jordan.

Other activities scheduled later this year include:

— Regional workshop on presenting biodiversity, cooperation with Al-Farabi
University, Almaty, Republic Of Kazakhstan.

— Two regional workshops on preparedness for the dangers of Tsunami and disaster
risk reduction, November, ISESCO headquarters. These two activities aim to
enhance cities’ resilience to climate change and natural hazards. We should also
not forget the World Renewable Energy Congress, which is annually supported
and sponsored by ISESCO.

Excellences,
Ladies and gentlemen,

The lofty goals that the World Renewable Energy Congress strives to achieve are at
the core of the United Nations’ Development Goals, which makes the
recommendations issued by this Congress worthy of Consideration by all world
states. For building sustainable green cities on the foundations of renewable energies
is the strategic goal to counter the creeping climate change and address the environ-
mental problems arising therefrom.

In order to activate the outcomes of this international event, and taking into
consideration the international Dimensions of renewable energies and sustainable
buildings in green cities, ISESCO invites the Congress to adopt the concept of green
culture and accordingly feature the theme “spreading the green culture to promote
the culture of peace”, as one of the topics to be addressed at its 19 ft. session.

Wishing this Congress every success in achieving its goals, I thank you for your
attention.
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Chapter 2

Energy Policies at Crossroads: Will
Europe’s 2030 Targets and Framework
be in Line with the Paris Climate
Agreement?

Rainer Hinrichs-Rahlwes

2.1 Introduction

The European Union and its Member States have been among the pioneers of
renewable energy and frontrunners of climate protection. Denmark, Germany,
Spain, Portugal and Austria were among the first countries to successfully acceler-
ate the deployment of renewable energies. Dedicated policies, most of them using
feed-in tariffs or feed-in premiums, triggered a significant boost of new renewable
energy installations in the power sector resulting in drastic cost reductions, whereas
less support was aiming at transport, heating and cooling, industry and other end-
use sectors. In these sectors, renewables are developing much slower and will need
more supportive policies and frameworks including for sector coupling and system
integration, if the rapid decarbonisation of the energy sector is a serious objective of
all those who have committed to the Paris Climate Agreement.

Europe has an ambitious and widely effective policy and regulatory framework
for renewable energy, energy efficiency and greenhouse gas reduction up to 2020.
The 2030 targets and policies were agreed before the end of 2018, and a new 2050
strategy is being developed to bring the EU in line with the climate commitments.
Unfortunately, too many Member States have tried to reduce policy ambition and to
water down directives and regulations supporting renewables and efficiency while
at the same time preventing effective carbon pricing and continuing to directly and
indirectly support fossil and nuclear energy. Some Member States, e.g. France, the
UK, Poland and their allies, are (ab)using the national prerogative to define their
own energy mix (which is granted by the European Treaties) as a pretext to continue
supporting fossil and nuclear energy—irrespective of the fact that renewables
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(in particular wind and solar) are meanwhile the cheapest sources of energy, even in
distorted markets.

At the same time, investment in renewables is significantly decreasing in the EU,
whereas other countries, among them more and more developing countries, are sig-
nificantly extending their quest for a renewable energy transition, with China and
some other countries including the USA (despite major interventions from the pres-
ident in favour of fossil fuels) leading the way in an accelerating race for clean
energy for all.

On this background, the European Union and its Member States are developing
targets and frameworks for 2030. Until summer, compromise has been reached on
four legislative proposals, whereas four other pieces of legislation were only final-
ised in early 2019. Compromise results had to be reached before the elections in
May 2019 for a new European Parliament would put an end to pending cases for at
least half a year. It is encouraging to see that the compromises are better than the
original proposals from the European Commission and certainly more ambitious
than some backwards leaning Member States would have them.

2.2 Global Development of Renewable Energy

Renewables have become mainstream, and targets and policies for accelerating
their development and deployment are implemented worldwide. Most policies and
targets are aiming at the power sector, whereas policies for renewable heating and
cooling and renewables in the transport sector are less frequently found. The
International Renewable Energy Agency (IRENA) [1] estimates that 10.3 million
Jjobs exist in renewables worldwide in 2016, up 5% from 2015. 4.2 million people
had jobs in solar energy, 3 million in bioenergy, 1.8 million in hydropower, 1.2 mil-
lion in wind power and 100,000 in geothermal energy.

Investment in renewable energy was up again in 2017, after some slowdown in
the years before. The Global Policy Network for the 21st Century (REN21) in its
Renewables 2018 Global Status Report!, based on data from the Bloomberg New
Energy Finance (BNEF), estimates that 280 billion USD (or 320 including large
hydropower) were invested in renewables in 2017, up 2.2% from 2016. Investment
in renewables was roughly three times as much as in new fossil or nuclear capacity.
In 2017, the balance of investment in renewable energy shifted further towards
developing country. Whereas developed countries invested 103 billion USD in 2017
(down from 151 in 2014), developing countries increased investment from 133 bil-
lion USD in 2014 to 177 in 2017, with China providing the largest share with 127
billion USD in 2017 (up from 85 in 2014). The Chinese figures are even more
impressive when compared to the European Union. China increased investment in
renewables from 48 billion USD in 2011 via 85 in 2014 to 127 in 2017, while the
EU’s investment decreased—after an all-time high in 2011 of more than 129 billion

"Facts and figures in this chapter are from REN21 [2], if not quoted differently.
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USD—via 86 in 2014 to below 41 billion in 2017, which is less than China’s invest-
ment in 2010.

By end of 2016 (more recent figures are not available), renewable energy pro-
vided 18.2% of the world’s final energy consumption (up from 15% in 2005), out
of which 10.4 percentage points came from modern renewables and 7.8 from tradi-
tional biomass. The use of traditional biomass is slowly decreasing, while modern
renewables have been growing at an average annual rate of 5.4% since 2005—still
too slow for achieving the objectives of the Paris Agreement but going in the right
direction. Growth of renewables has been strongest in the electricity sector, with a
26.4% share of global power production in 2017.2 Although the power sector repre-
sents only 20% of global energy consumption, this development is encouraging,
because it shows that—based on well-designed and effective policies driven by
strong political will—the necessary fundamental transformation of the energy sys-
tem is possible. Heating and cooling and transport need to be addressed by
decision-makers rather sooner than later.

Growth of modern renewables is a valuable indicator of a country’s or a
region’s or a community’s willingness to further the development of sustainable
renewable energy and related fundamental transformation of the energy sector. In
the last 10 years, global wind capacity increased from 94 GW in 2007 to 539 GW
in 2017. 52 GW was added in 2017, with China leading with 19.7 GW newly
installed, followed by the USA and Germany as distant second and third with 7 GW
and 6.1 GW, respectively, followed by the UK (4.3 GW) and India (4.1 GW). China
also is the lonely champion of overall renewable power capacity with 334 GW,
followed by the European Union with 320 GW and the USA a distant third with
161 GW and Germany with 106 GW (which is included in the EU’s 320 GW), India
61 GW, Japan 57 GW and the UK with 38 GW (also included in the EU’s 320 GW).
It goes without saying that China is also the lonely leader of the global solar PV
markets with more than 131 GW of installed capacity, out of which 53.1 GW was
added in 2017. The USA with an overall capacity of 51 GW (10.6 GW added in
2017) and Japan with 50 GW (7 GW added in 2017) are second and third, closely
followed by Germany with 42 GW (with only 1.7 GW added in 2017). In terms of
new capacity, India was third with 9.1 GW added and nearly doubling capacity in
1 year. China’s dominance is even stronger in solar thermal heating with a market
share of more than 71%, leaving 3.9% for the USA as a distant second, followed by
Turkey (3.3%) and Germany (3%).

It is obvious that the old champions in Europe (Germany, Denmark, Spain) have
found serious competitors (China, but also the USA, India and a growing number
of developing and emerging economies) in the quest for global leadership of the
energy transition.

The impressive growth in the champion countries should not overshadow some
remarkable and ambitious efforts in smaller and poorer countries. On a per
capita base, Iceland and Denmark (and not China and USA) are the global champions

2JEA [3] has slightly lower figures (25%), but is basically showing a similarly strong and increas-
ing growth of renewables globally.
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of installed renewable power capacity (excluding large hydro). On a per capita base,
Germany and Japan are the champions of installed PV capacity, instead of China and
the USA on mere capacity base, followed third by Belgium, Italy and Australia. On a
per capita base, Denmark, Ireland and Sweden are the champions of installed wind
capacity, followed by Germany and Portugal—leaving GW champions China and the
USA far behind and leaving Germany on the fourth rank only. In solar thermal for
heating, the lonely champion on capacity basis, China, is not even among the top 5
when it comes to per capita ranking, where Barbados, Austria and Cyprus are closely
followed by Israel and Greece. A similar difference can be observed, when it comes to
annual investment in new capacity. Whereas, in 2017, China, the USA, Japan, India
and Germany were leading new investment in renewables, the top 5 look completely
different when assessed per unit GDP. The Marshall Islands are leading this compe-
tition, followed by Rwanda, Solomon Islands, Guinea Bissau and Serbia.

The global energy transition is underway, much faster than expected only a few
years ago, and it will gain more momentum in the years ahead—and there certainly
is no alternative to significantly increasing renewables, if we are serious about limit-
ing global warming to a just tolerable level of 2 °C (or only 1.5 °C) above pre-
industrialised times—in other words, if we are serious about our commitments
under the historic Paris Climate Agreement.

2.3 Europe’s Policies and Frameworks for Renewables

The European Union and many of its Member States have been early champions of
greenhouse gas reduction and policies for renewable energy. The Kyoto Protocol
would not have been agreed on and ratified by the necessary majority of countries
without the proactive role the European negotiators. And it is also safe to assume
that the Paris Agreement would not have been possible without a strong role of
European countries—but certainly the willingness of China to agree on an ambi-
tious deal was another major condition, as well as the constructive role of the USA
with the Obama administration in charge.

The EU is trying to maintain high ambition in programmatic objectives and
visions. Not only did the EU present decarbonisation scenarios in 2011, which were
all in line with ambitious greenhouse gas reduction efforts and all with very high or
dominant shares of renewable energy by 2050. When taking office in 2015, the (now
outgoing) European Commission’s President, Jean-Claude Juncker, underlined the
ambition to make Europe the global number 1 in renewables. Under his leader-
ship, the EU developed a strategy for an ambitious Energy Union: “The goal of a
resilient Energy Union with an ambitious climate policy at its core is to give EU
consumers—households and businesses—secure, sustainable, competitive and
affordable energy. Achieving this goal will require a fundamental transformation of
Europe’s energy system” [4].

Europe’s positive role in climate negotiations so far is founded on domestic pol-
icy objectives—and on an effective energy and climate framework up to 2020—
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underpinned by continued efforts to maintain a momentum for full implementation
of the Paris Agreement in the international political arena. Unfortunately, commit-
ments of European leaders have become less credible, because of a significant slow-
down of implementation of agreed policies for renewables and efficiency. European
investment in renewables fell dramatically in the last few years to the low levels of
more than 10 years ago. The energy transition is slowing down, and policy discus-
sions about a new framework up to 2030 have not yielded really ambitious objec-
tives and the strong policies needed for implementing the Paris Climate Agreement.
The public consultation® on a strategy for long-term EU greenhouse gas emission
reductions was an opportunity to increase existing targets and develop new momen-
tum for a more ambitious climate and energy policy—but doubts remain.

2.3.1 Towards 2020: Good Framework to Be Implemented

Up to 2020, the EU is aiming at share of at least 20% renewables in gross final
energy consumption (GFEC), at least 20% efficiency increase and at least 20%
greenhouse gas reduction (or 30%, if other relevant countries commit to similar
objectives).* These objectives are underpinned by differentiated binding national
targets for each of the 28 Member States and guided by an indicative trajectory.
Target reaching is facilitated by National Action Plans, biannual reporting obliga-
tions, a set of voluntary cooperation mechanisms between Member States and
with third countries for target achievement and infringement procedures in case of
missing the binding 2020 targets. The national reports are evaluated in a biannual
report from the European Commission—meant to point out, if the Union as a whole
and each Member State is on track towards the 2020 targets or if additional efforts
are necessary.

The most recent Renewable Energy Progress Report [5] shows that target
achievement in 2020 cannot be taken for granted. Figure 2.1 shows the growth of
renewable energy in GFEC from 8.5% in 2004 to 16.4% in 2015. More recent fig-
ures [6] indicate a share of about 17% in 2016. Figure 2.1 also shows the indicative
trajectory up to 2020, which is becoming steeper at the end. And it shows—a little
bit above the trajectory—the projected shares of renewables in the National
Renewable Action Plans. The European Commission points to the risk of not
reaching the 20% share in 2020: “...as the trajectory becomes steeper in the years
ahead, efforts to keep on track will need to intensify... ”. The need becomes more
evident when it comes to the different sectors. Whereas renewables are growing
slowly but smoothly in the electricity sector, particularly wind and solar, growth is

3https://ec.europa.eu/clima/consultations/strategy-long-term-eu-greenhouse-gas-emissions-reduc-
tions_en—consultation closing on 8 October 2018

* Although the Paris Agreement could certainly be understood as such a commitment, the EU never
officially increased the 2020 target from 20 to 30%—among other reasons with reference to the
ongoing 2030 negotiations.
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Fig. 2.1 Renewable energy shares in the EU vs. Renewable Energy Directive (RED) and National
Renewable Energy Action Plan (NREAP) trajectories (based on EUROSTAT, Oka-Institut)

slower in the heating and cooling sector with stagnating deployment since 2013 and
in the transport sector with only 6% achieved so far and no relevant increase since
2011. Experts and industry have voiced their concerns that the 2020 targets may not
be reached, including by some of the old frontrunner countries including Germany
and Spain. In 2016, 11 Member States had already reached their 2020 targets, and 9
were far away with little chance to catch up until 2020 [6].

2.3.2 Towards 2030: Business as Usual or Implementing
the Paris Agreement

Due to long investment cycles in the energy sector and to long lead times for politi-
cal decisions, the discussion about a climate and energy policy framework beyond
2020 gained momentum in 2014. First evaluations of the 2020 framework showed
that more efforts may be needed to achieve the targets, and some Member States
advocated for a “more market-based” framework towards 2030. Poland and other
Eastern European countries were opposing any new targets after 2020. The UK,
France and others were advocating for a European greenhouse gas reduction target
only, opposing specific targets for renewables and energy efficiency and national
targets as in the 2020 framework. Their instrument of choice was a “new gover-
nance model”, which would require national climate and energy plans but would
not allow the European Commission to reject them for inadequacy. Others, includ-
ing Germany, Austria and Sweden, underlined their willingness to develop strong
targets for greenhouse gas reduction, efficiency increase and renewable energy.
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They were not very outspoken, however, in terms of defending national binding
targets beyond 2020.

2.3.2.1 European Council Conclusions

On this background, the European Council (the heads of state and government of all
Member States) in October 2014 agreed on a weak position for a 2030 climate and
energy framework. They agreed on a domestic greenhouse gas reduction target of at
least 40% by 2030 and at least 27% renewables and 27% efficiency increase. The
targets were criticised by NGOs for being insufficient for meeting climate targets
and by the renewables industry for being hardly more than business as usual and not
providing investment security. The Council strongly agreed on not supporting
national binding targets and establishing a robust governance model instead,
which was still to be defined.

Among the positive elements of the Council Conclusions was the commitment to
fully implement the 2020 targets and to develop a new energy market design
which should be fit for renewables including a multitude of decentralised producers
and consumers.

2.3.2.2 Clean-Energy-for-All-Europeans Package

Two years later, on 30 November 2016, the European Commission opened the leg-
islative process for a 2030 climate and energy framework. They presented the
Clean-Energy-for-All-Europeans Package (also called Winter Package) with eight
legislative pieces to implement and specify the 2014 Council Conclusions. As
required by the European Treaties, the package was submitted to the European
Parliament and to the Council. Both institutions need to agree on the Regulations
and Directives, before they can enter into force. Given upcoming elections for the
European Parliament in May 2019, the process had to be formally concluded by
early 2019—more than 8000 pages to be read, discussed and agreed.

The Winter Package [7] consisted of proposals for recasts of the Renewable
Energy Directive (RED), the Energy Efficiency Directive (EED) and the Energy
Performance of Buildings Directive (EPBD), for a Governance Regulation (GovR),
for a Risk Preparedness Regulation (RPR), for an ACER Regulation and for Market
Design (MD) Directive and Regulation. They all needed to be voted in Council and
Parliament.

Taking stock of the wide range of proposals, renewable energy and environmen-
tal stakeholders saw a mixed picture. On the downside, the low level of ambition
of the 2014 Council Conclusions had been kept, as well as the lack of national
targets and a meaningful governance proposal. In addition, the proposal required
mandatory technology neutral auctions or tenders as the main support scheme for
renewable energy, and it widely abolished priority access and dispatch for renew-
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ables. Only exceptionally and for small installations below 500 kW (250 kW as of
2026), feed-in policies and technology-specific support or exceptions from balanc-
ing responsibility should be possible after 2020. Member State should be obliged to
increasingly open their auctions to competitors from other Member States. No
effective proposals for carbon pricing beyond ailing Emissions Trading System
(ETS) or phase-out plans for fossil and nuclear power were included in the
package.

On the positive side, the obligation to fully implement the 2020 targets and ruling
out retroactive and retrospective changes of support systems were welcomed by the
renewables sector. Suggestions for supporting energy communities, consumers and
self-consumption were a good basis for further discussions. The intention of creat-
ing flexible markets fit for a multitude of decentralised producers and consumers
and allowing renewable energies to participate in all market segments are on the
positive side, with some need for clarification and improvement. Also, language was
welcomed on simplified and transparent procedures and on limiting the use of
capacity markets, which more often than not result in significant lock-in of dirty and
inflexible fossil capacity.

The renewables industry and environmental NGOs worked hard to support those
in the European Parliament who were willing to improve the Winter Package and to
work with those national governments which were open for arguments. Apart from
biomass-related questions, where environmental NGOs asked for very strong sus-
tainability criteria and for limiting and phasing out first-generation biofuels, and
irrespective of some hesitation on the side of a few of the renewables associations,
there was a wide and strong agreement on the key points which needed
improvement.

The 27% target for renewables in 2030 was based on outdated and much too high
cost assumptions for renewables and too low costs for other energy. Many associa-
tions reminded policymakers that already in 2011, the renewables industry had sug-
gested a target of 45% in 2030. The European Wind Association, WindEurope, in
the beginning only asked for “more than 27%”, whereas some others, including
important members of the European Parliament, suggested to go for “at least 35%”,
which was eventually adopted as the Parliaments position and supported by renew-
ables industry and environmental groups as “a bare minimum” of what is needed.
Most stakeholders, as a next priority, strongly advocated for continuation of binding
national targets, or at least strong benchmarks. A common rule book for renewables
support, including the right for Member States to apply technology-specific auc-
tions and tenders and to maintain priority dispatch and access for renewables, as
well as exceptions from balancing responsibility, at least for existing installations,
was another major request. For the Market Design Initiative, flexibility should be
the overarching principle allowing for market participation of renewable energy in
all segments.
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2.3.2.3 Compromise in Trilogue Negotiations

When this paper was drafted, four of the eight legislative proposals had been
voted and politically agreed between Parliament and Council. The first to pass
was the EPBD, next the GovR. RED and EED were controversial until the 2018
summer break, particularly because of the target discussion. ACER, RPR, MDR and
MDD were decided in early 2019.

For EPBD and EED, compromise was found for all major issues. The indicative
EU energy efficiency target for 2030 was increased from 27 % to at least 32.5%
with an upward review clause for 2023. A similar increase and review were agreed
for the EU-binding 2030 renewables target of at least 32% [8, 9]. Given the
strong reluctance of some Member States to allow for any target higher than 27%,
this is a positive development, but with a view to the necessity of adjusting policies
to the commitments under the Paris Agreement, it is only a first step [10].

Apart from the agreement about higher targets, other important points were set-
tled. In contrast to the original proposal, Member States’ right to decide whether
they chose technology-neutral or technology-specific support schemes remains in
place. Opening of support schemes for other Member States remains an important
objective, but it is not mandatory. For giving project developers, manufacturers and
investors a reasonable perspective, Member States are required to regularly publish
plans for new renewable capacity with a S-year visibility. Strong language against
retroactive changes of support schemes and for transparent and effective administra-
tive procedures and fees was included.

A highlight of the agreement is a support for community energy projects and a
basic right for every citizen to produce, consume and sell the energy produced from
installations of less than 30 kWp on their own premises, including in third-party
ownership and in cooperation with others. Member States must not impose burden-
some or discriminate procedures and fees or taxes on self-consumption. Consumer
organisations and the solar industry celebrated this as a breakthrough for more
decentralised renewable energy production and strengthening the role of prosumers
and potentially ruling out our reducing significantly existing fees and taxes which
have prevented a strong development for more decentralised and community-owned
projects.

The institutions agreed on a 14% target for the 2030 share of renewables in
transport. This objective had been controversially debated, because environmental
groups campaigned for exclusion of first-generation biofuels and for stronger sus-
tainability criteria, whereas others suggested more pragmatic solutions. Eventually,
it was agreed to cap the maximum share of first-generation biofuels to 7% with a
flexibility for Member States to choose a lower cap and thus reduce the 14% target.
Member may incentivise waste-based and innovative biofuels by multiplying their
shares for target achievement, which also applies to renewables in shipping, avia-
tion and rail transport and with up to 3.5 for electric vehicles.

Agreement includes an indicative obligation for Member States to increase the
share of renewables in heating and cooling by 1.3 percentage points every year—
with a 40% flexibility for waste heat. Clarifications about guarantees of origin will
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help power purchase agreements to be more easily established and implemented,
which is an important element for direct corporate sourcing of renewable energy by
smaller and larger companies.

2.3.3 Markets Fit for Renewables: Creating a Level Playing
Field

After summer break and after finalizing the main text of this paper, the remaining
four legislative pieces of the summer break were negotiated. Whereas the RPR
passed without much controversy, the ACER regulation was more difficult to agree
on, because Member States have a strong position on not weakening national
authorities in favour of a European institution (ACER). Compromise was found by
agreeing on indicative cooperation mandates instead of increased competency for
ACER.

The most important and controversial dossiers were the Market Design
Regulation and Directive (together MDI), which will be the basis for future EU’s
energy markets. Results have a strong impact on whether or not or how fast energy
markets will be a level playing field fit for increasing shares of variable and more
decentralised production and consumption including for private and industrial
self-consumption.

Although carbon pricing is not a direct part of the MDI, there are elements which
are designed to complement the existing Emissions Trading System. Weak or strong
criteria for limiting capacity markets to the absolute minimum and only after hav-
ing considered cross-border capacities based on transparent criteria will impact
future decisions of Member States to continue or phase out highly emitting power
plants. This is why stakeholders are advocating for strictly limiting capacity markets
and why they are strongly defending or trying to strengthen a proposal from the
European Commission for Energy Performance Standards (EPS), which would
rule out participation of fossil power plants in capacity markets, if they are emitting
more than 550 g of CO,. Poland and other countries with a high share of coal in their
energy mix are against any such EPS, whereas NGOs have asked for reducing the
value to 350 g. Compromise was found around the original 550 g becoming effec-
tive later than suggested.

A major step towards a level playing field in energy markets would be removing
and phasing out direct and indirect subsidies for unsustainable energy sources. But
again, this is not part of the MDI. Nevertheless, the closer the compromise agree-
ment comes to removing market distortions, the more effectively can it accelerate
the energy transition. The objective of MDI is to facilitate participation of all
energy sources on a level playing field, which would translate into transforming
all energy market segments so that renewables can compete on equal footing.

Renewable energies will have to be allowed and enabled to participate in all
sectors of the energy market—futures, day ahead, intraday, balancing, demand
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response, auxiliary services, etc. This requires shifting energy markets from
futures to day ahead and from day ahead to intraday and (close to) real time.
Reducing gate closure times to a maximum of 15 min, which was a potential com-
promise within the MDI, would significantly improve opportunities for wind and
solar power in these markets. Real-time trading would be the next (and parallel)
step. Improved forecasts, smarter grids and digitalisation will help opening markets
for renewables. Integrating demand response would be another step towards making
flexibility the key driver of energy markets.

Until markets are fit for renewables and no longer distorted by direct and indirect
subsidies for unsustainable energies, protective measure for renewable energy
will need to be continued, e.g. protection for small installations through priority
access and dispatch, where appropriate, and by exemptions from balancing respon-
sibilities. Forging compromise in the spirit of creating a really competitive flexible
market fit for renewables could considerably accelerate phasing out fossil and
nuclear energy and pave the way for a fully renewable-based energy system.

2.4 The Way Forward: Towards 100% Renewable Energy

The European Union’s ambition to create a resilient Energy Union and to become
the world’s number one in renewable energy are pointing in the right direction.
Recent proposal from the EU Commissioner for Energy and Climate Action, Miguel
Arias Cafiete, to increase Europe’s greenhouse gas reduction target to at least 45%
by 2030 is another point to be acknowledged. What is missing is decisive action
instead of mainly lip services from European institutions and Member States. If it
were not the Paris Agreement that required higher emission reduction and more
clean energy, this summer’s record temperatures are another incentive to speed up
efforts to reduce global warming. The upward revision of Europe’s renewables and
efficiency targets in 2023 is a good step, but there is no reason to wait for 5 years.
Evidence is overwhelming.

Europe’s 2050 decarbonisation strategy could be another opportunity to
increase ambition for the energy transition. Already in 2011, despite outdated cost
assumptions and methodology, the European Commission presented roadmaps and
scenarios showing that effective decarbonisation by 2050 requires high or dominat-
ing shares of renewable energy in all sectors with little or no additional system
costs.

Today, renewables are the lowest cost options for new capacity in an increasing
number of markets, including where direct and indirect subsidies for fossil and
nuclear are still supporting dirty sources. Phasing them out could significantly
accelerate the global shift towards renewables, as could higher efficiency stan-
dards. Technologies for renewable energy production, smart grids, storage and
demand response are available and becoming cheaper at an unprecedented pace.
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Given the dramatic cost decreases in renewable energy, particularly in wind and
solar photovoltaics, there should be no doubt that increased development and
deployment of renewable energy’ is the safest and cheapest way towards leaving a
liveable planet to future generations. We no longer have to choose whether protect-
ing the environment and limiting global warming is more important than growing
the economy or vice versa. Today, it is obvious that the energy transition will
create and maintain tens of millions of jobs, avoid societal costs and costs of
imported energy sources, grow GDP, generate value and increase energy sup-
ply security.

All that is needed is clear and unambiguous political will to implement phase-out
strategies for the old system and smart policies for accelerating the transformation
towards a 100% renewable energy system. The sooner and the clearer decision-
makers embrace the clean energy future, the easier can they make sure not to leave
anybody behind.
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Chapter 3

Field Test, Dynamic Simulation

and Fatigue Analysis of a Small Wind
Turbine Operating in a Highly Turbulent
Environment

Tebogo Pooe, Mitsumasa Iino, and Abdulrhman Elawady

3.1 Introduction

Highly turbulent environments are generally not good for fatigue as they increase the
number of loading cycles and dynamics of a small turbine. The higher rotational
speeds of small wind turbine blades make them exposed to a high number of stress
cycles. The lower moment of inertia of micro wind turbines makes them more sus-
ceptible to changes in the ambient wind turbulence. The smaller mass of SWT also
makes them have much higher natural frequencies of vibration for the blades and
other components. Usually, a wind turbine is expected to have a fatigue life of at least
20 years or more. Unlike ferrous metals, composite materials (e.g. GFRP) for the
most part do not have a fatigue endurance limit, and their SN curves tend to be a
continuous straight line. If the turbulence of a site is severe enough, it can cause pre-
mature fatigue failure if such a site was not taken into account in the design phase of
the wind turbine. It is therefore necessary to be able to quantify how much turbulence
of a site affects the power output and fatigue life of a wind turbine. If accurate simu-
lations of wind turbines can be done using software, it can save much time and
resources in validating the dynamic performance of a wind turbine.

3.2 Objectives

— To quantify the effect of varying turbulence intensity wind profiles on the fatigue/
lifetime DEL of a small wind turbine

— To carry out field test and analyse the turbulence intensity effect on the power
output of a small wind turbine
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— To verify using FAST simulation the effect of turbulence intensity on the SWT’s
power output

3.3 Methodology

3.3.1 Field Test

The SWT field test data collected was over a continuous period of 3 months. The
details of the turbine used for the test are shown in Table 3.1. The wind turbine sys-
tem data logger takes raw data samples at a set frequency of 1 Hz in voltage form of
various parameters such as turbine RPM, hub-height wind speed and direction, bat-
tery current, battery voltage, shaft rotational speed, etc. The raw voltages are then
converted into engineering values through their respective conversion factors and
algebraic calculations. The wind turbine is connected to a 24 V battery charge con-
troller system which manages the torque-speed relationship of the generator.

3.3.2 Power Output FAST Simulation

NREL FAST (fatigue, aerodynamics, structural and turbulence) v. 7 was used to
create a dynamic simulation of the current SWT in this research. A FAST model
was previously created by Iino et al. [1] for this 1-m-diameter turbine under study.
The source code was modified to make it a five-bladed FAST model (original FAST
code is for two- or three-bladed turbines). The design parameters for the FAST
model (airfoil tables, dimensions, etc.) were received from the original manufac-
turer. The model was verified with the original manufacturer.

The range of TI simulated was between 5 and 45%. The random number genera-
tor was used in FAST to generate random time series wind. Each FAST data point
shown in Figs. 3.4 and 3.5 was the average of a minimum of 30 simulations (each
simulation generated a different random time series; however the Gaussian mean
was still the same). The simulation time period was for 1 min. The field test data
also used 1 min averages. A diagram showing how the turbulence grid was set up
using NREL TurbSim is shown in Fig. 3.1.

Table 3.1 Small wind Rated power 135 W (at 10 m/s)
turbine specifications

Max power output | 500 W

No. of blades 5

Cut-in wind speed |2 m/s
Cut-out wind speed | 16 m/s
Rotor diameter 1000 mm
Maker and model | AURA 1000
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From Fig. 3.1, the inflow turbulence was modelled as a 5 x 5 grid. The grid area
was larger than the turbine diameter, so it could be fully covered. The grid size was
deemed satisfactory considering the small size of the rotor diameter (1 m). The IEC
Kaimal model was used in all the turbulence simulations.

3.3.3 Fatigue Aeroelastic Simulations

IEC 61400-2 specifies that for power production under the NTM, either the simple
load or aeroelastic analysis is necessary for fatigue computations. Previous research
has shown the limitations of the simple load method [1]. For this research, aeroelas-
tic modelling will be done for fatigue analysis of this SWT’s composite blades.
NREL FAST, TurbSim and Crunch were used for the aeroelastic modelling and
fatigue analysis of this micro wind turbine [2—4].

The subsequent calculations and fatigue analysis were for the blades of the SWT,
which are made out of GFRP composite material. Equations 3.1-3.3 show the equa-
tions used to compute the fatigue and DEL of the micro turbine. The sum average
of ten simulations was used in the rainflow-counting algorithm. For the rainflow
counting, incomplete cycles were assigned a value of 0.5. For lifetime DEL, the
Rayleigh distribution was used to extrapolate the cycles for the blades over a time
period of 20 years. IEC 61400 DLC (damage load condition) that was assessed for
this research is DLC 1.1, i.e. power production.
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where n'«4 = lifetime equivalent count, n!}* = damage count for cycle i and time

series j for the design life of the blade, L’; =load range for cycle i and time series j,m
= Wholer exponent, DELI* = lifetime damage equivalent load, £, = lifetime dam-
age count factor for time series j, nfTeq = equivalent counts for time series j and
DELS,;g = short-term average damage rate. Regarding the subscripts, i = fatigue
cycle index and j =time series index (for full details of the fatigue calculation algo-
rithms, please refer to NREL MLife manual [3]).

A Wholer exponent of m = 10 was used for the blades of this SWT. Previous
research was done on the composite blade of this particular SWT by running it to
failure at different load cycle ranges and recording the number of cycles to failure;
the SN curve obtained was found to be best represented by a value of m = 10 [5].
This factor is typical for a GFRP composite material.

The purpose of this research was to see the effect of varying TI on fatigue. Three
wind speed profiles with varying turbulence intensities were used in the aeroelastic
simulation: NTM Class C, NTM Class A and high turbulence value similar to the
current site (hereby referred to as “site turbulence”). For the lifetime damage predic-
tions, an IEC 61400-2 Class IV wind profile with a Rayleigh distribution and aver-
age wind speed of 6 m/s was chosen. For all three wind profiles analysed, the shape
factor, scaling factor and average wind speed were kept constant so that the only
changing variable was the turbulence intensity at each particular wind speed (see
Figs. 3.2 and 3.3). From Fig. 3.3, the k factor was 2 (Rayleigh distribution), and the
lambda was chosen to ensure an average wind velocity of 6 m/s.

For the rainflow count cycles, the in-plane and out-of-plane load ranges were
separated into 300 different load ranges and counted from there. Equations 3.2 and
3.3 were then used to compute the DEL. The short-term DEL was also calculated
for each wind speed using Eq. 3.1.
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Fig. 3.2 Wind speed vs TI for various wind profiles
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For the rainflow counting and Crunch post-processing of FAST time series simu-
lation data, the 1st 10 s of data was removed from the rainflow counting as the simu-
lation initial conditions are still stabilizing in the software (this is also recommended
in IEC 61400-2 in the fatigue damage calculations section). The random number
generator in TurbSim was used so that each simulation could have a different
random wind speed profile (while keeping the same TI and V,,, for each wind
speed bin) to ensure that an average value reflecting various random profiles could
be aggregated.

From Fig. 3.2, at a wind speed of 6 m/s, the TI for the three wind profiles are as
follows: Class C, 20.2%; Class A, 26.93%; and site turbulence, 42.08%. The site TI
was more than double that of Class C. This was the case for all the wind speed
values for this research. The root in-plane and out-of-plane bending moments were
analysed for this research.

3.4 Results

3.4.1 Field Test and Simulation for Power Output

A comparison between the FAST and field test data is now made. The data was split
into lower wind speeds (5-6.5 m/s) and higher wind speeds (7-8 m/s).

From Fig. 3.4, it can be seen there is generally a good agreement between the
simulation and the field test. The maximum error between the simulation and field
test occurred at the wind speed of 5 m/s, and this error was 20%. Towards the higher
turbulence intensities, some of the errors were below 1% with almost exact correla-
tion between the simulation and the field test results. From 5 to 20% TI, there is very
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Fig. 3.5 Higher wind speed field test vs simulation

minimal increase in the power output. At these levels, the turbulence energy is not
sufficient to cause a major increase in the power output.

From Fig. 3.5, similar to the field results, the simulation shows that there was
only a slight increase in power from 5 to 25% TI for the turbine. Above 20/25% TI,
the simulation output power gradient increased similar to the field data. The correlation
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between simulation and field test at § m/s was not as good as other wind speeds due
to a lower number of observations (thus lower statistical significance). The maxi-
mum error between simulation and field test occurred at 8 m/s at TI = 20%, and the
error value was 8%. Both the simulation and field tests show an increase in output
power with increasing wind speed for the majority of the cases.

Some of the differences between the field test and the simulation are due to simu-
lation yawing not being taken into account, only a single anemometer being used in
the field placed at a distance from the wind turbine, cup anemometer dynamics/
inertia not compensated for in simulation input, and the anemometer that only took
samples at a frequency of 1 Hz.

3.4.2 Fatigue Load Computations

The results from the aeroelastic simulation and subsequent fatigue life calculations
will now be discussed.

Figures 3.6 and 3.7 show the DEL for each wind speed and the lifetime DEL for
the composite blade. The DEL for the MOOP increased for all three wind profiles
for all wind speeds. Comparing Figs. 3.6 and 3.9, it can be seen that the in-plane
moment DEL loads were smaller than the MOOP at wind speed bins far below the
cut-out of 16 m/s. Up to 10 ms, the DEL of the site condition was more than double
that of the NTM Class C wind.

A time series analysis is shown in Fig. 3.8 of the root MOOP for Class C wind
and the site turbulence (i.e. the lowest and highest turbulence intensity profiles).
The wind profile was the same, with only the intensity of the change of amplitudes
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Fig. 3.6 Blade root MOOP DEL for each wind profile
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varying in the simulation. It can be seen from this time series that the site turbulence
causes the MOOP to have higher fatigue fluctuation ranges. The average value of the
MOQOP is also higher. A highly turbulent site is not good for long-term fatigue loading
of a wind turbine. From this figure, it can also be seen that the frequency of vibrations
is high for this particular SWT, and the flap first mode, flap second mode and first
mode edgewise natural frequencies are 122, 430 and 414 Hz, respectively [1].
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Figure 3.9 shows the results for the root MIP,it can be seen that in up to 8 m/s,
there is no correlation between the wind speed/turbulence intensity and the DEL of
the SWT. The increase from 10 m/s was found to be due to an increase in turbine
cut-out (the cut-out speed is 16 m/s). An example of this cut-out behaviour is
shown in Fig. 3.10, which shows the root MIP during a high wind speed condition.
At T=50s (5 x 10° ms), the turbine cuts out, and the root MIP has a sudden increase.
This sudden stop of the turbine rotor is what causes the root MIP to increase and
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thus the MIP DEL to increase (the cut-out corresponds to arotor RPM of 1150 RPM).
Analysis of the simulation time series results for the root MIP showed that the cut-
out condition was frequent at these higher wind speeds. The results agree with the
physics of a wind turbine as the MIP is mainly affected by gravitational load of
the blade mass, rotor torque as well as inertial forces associated with the rotation
of the blade.

3.5 Conclusions

— Increasing turbulence intensity has a negative effect on the root MOOP fatigue
life of small wind turbines by increasing the DEL.

— The turbulence intensity had no impact on the root MIP fatigue DEL, except for
increasing the turbine cut-out.

— There is an increase in power output with turbulence intensity.

— The power output increase with turbulence is more pronounced at TI values
above 25%.

— The increase in power is more pronounced at higher wind speeds, i.e. from 7 m/s
and above.

— There is generally a good agreement between FAST and the field test, and the
simulation can save much time and resources when evaluating various field
conditions and potential scenarios.
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Chapter 4

Evaluation of Performance Losses

and Degradation of Aged Crystalline Si
Photovoltaic Modules Installed in Minas
Gerais (Brazil)

Antonia Sonia A. C. Diniz, Denio A. Cassini, Michele C. C. de Oliveira,
Vanessa F. C. de Lins, Marcelo Machado Viana, Daniel Sena Braga,
and Lawrence L. Kazmerski

4.1 Introduction

“How long does the PV system perform well and within specifications?” is a very
important question for PV technology investors and consumers in order to ensure
their investment return and technology buy-in. The understanding of ageing process
of a PV module is critical for predicting and warranting their performance, for iden-
tifying and correcting any problems, and for addressing the fundamental consider-
ations for the bankability and component integrity of photovoltaic (PV) systems.
The economics of the PV systems can only be competitive if the modules operate
reliably with assured longevity for more than 20-25 years (i.e., the typical warranty
periods), with power degradation smaller than 20-25%, respectively, for these time
frames (typically designated at “less than 1% per year”) [1]. The degradation modes
in PV modules dictate the symptoms of failure and degradation mechanisms and the
relative progression of these symptoms. Consequently, a single failure mechanism
(e.g., encapsulant breakdown) can lead to more than one observable failure modes
(e.g., delamination, corrosion, discoloration, etc.) [1]. The degradation modes
observed in field-aged modules suggest that the various modes of degradation that
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are ultimately responsible for performance loss and failure can be of five types:
(1) degradation of packaging (glass, encapsulant, backsheet) materials, (ii) loss of
adhesion, (iii) degradation of cell/module interconnects, (iv) degradation caused by
moisture intrusion, and (v) degradation of the semiconductor device [1].

Photodegradation studies of the PV modules is of economic and social (technol-
ogy acceptance and public confidence) interest since the reduction of the cost of
producing solar energy is associated with the increase in the PV module service life,
which does depend significantly on the materials used in the solar cell encapsulation
[2-12]. A primary concern is to identify and understand the mechanisms of degra-
dation of the solar module encapsulant.

Jordan and Kurtz [13] reviewed the degradation rates from the field testing stud-
ies performed during the last 40 years. They found that the degradation rates
observed in the photovoltaic modules/systems deployed after year 2000 have sig-
nificantly reduced failure rates over those before the year 2000, indicating a sub-
stantial improvement in design, materials, manufacturing, and durability of PV
modules [13].

Wohlgemuth reported 20 key results of a study for crystalline silicon PV mod-
ules relating to field failure and warranty return rates based on various reports in the
literature [14, 15]. Their analysis shows that less than 0.1% of annual field failure
rate on 10-year-old qualified PV modules, 0.005% for PV modules up to 5 years,
0.13% for PV modules manufactured between 1994 and 2005, and 0.01% annual
return rate for PV modules manufactured between 2005 and 2008 [14, 15].

The investigation and diagnosis of PV systems that have been installed and
operating for decades or more have been providing valuable information for the
entire PV value chain (from material supplies through installers/operators) for
addressing critical reliability issues [2, 16]. The installation of these distributed
systems in rural in Brazil’s tropical climate conditions provides a special opportu-
nity to get insight into two crystalline Si module technologies from two different
manufacturers produced and then installed at approximately the same time. These
technologies, Case A (polycrystalline Si-cell-based modules, sometimes termed
“multicrystalline”) and Case B (monocrystalline Si-cell-based modules), were in
operation for similar time frames (15 years)—but their ageing characteristics are
much different. This paper addresses “Why?”. What are the reasons for the fact that
the Case A modules had power degradation losses averaging 0.4—0.5%/year, well
within the warrantied specifications, while Case B modules had average power
losses in the range 2.3-3.7%/year over the similar installation time?

This paper presents the results of careful investigations and classifications of
these performance losses of photovoltaic modules and the identification of major
degradation mechanisms. The approach starts with the visual inspection of these
modules for indications of discoloration, corrosion, and delamination or other
defects, proceeds with the nonintrusive electrical characterization (/-V parameters)
and subsequent thermal mapping of the modules, and concludes with chemical and
compositional diagnostic characterization of the key components uncovering the
bases for the various degradation modes and mechanisms.
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The technical contributions and scientific understanding provided by these
studies are important. But the correlation of the effects of the environmental condi-
tions on the PV performance also contributes to decision-making for future invest-
ments in PV systems and selection of appropriate technology for a better performance
within these specific tropical climate zones.

4.2 Methodology and Framework

This study covers an analysis from representative PV module samples selected from
the approximately 1000 stand-alone PV systems that are operated by the Energetic
Company of Minas Gerais (CEMIG). These PV systems were installed in the north-
ern and eastern region of the state of Minas Gerais, classified as tropical zone
according to the Koppen-Geiger classification (Fig. 4.1), with dry winters and rainy
summers [17]. The average annual maximum temperature in the regions where the
photovoltaic systems were installed varies between 28 °C and 32 °C [18]. Figure 4.1
also shows the solar resource map for the state of Minas Gerais, indicating the very
good insolation levels for PV utilization [18].
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Fig. 4.1 (Upper left) Koppen-Geiger classification of climate zones for Brazil [17]; (upper right)
average daily insolation for the state of Minas Gerais (hours of sunlight/day) for the month of July;
(lower right) annual average daily insolation [18]
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Fig. 4.2 School PV system, typical of the distributed installations for the modules from this study

These PV systems were implemented under several PV rural electrification
demonstration programs, such as US-Brazil program initiated in 1995, PRODEEM
in 1997, and Luz Solar in 1999, with the oldest ~20 years in operation [19, 20].
The PV modules used in this study are located at 16° 10’ 13” S latitude and 42°
17 25” W longitude. Figure 4.2 shows one typical school PV system of Luz Solar
program.

As noted, these photovoltaic systems in such long field operation contain valu-
able information to map, analyze, and classify the performance of the PV genera-
tors. They were installed at about the same time and operated for the same time
period within the same climatic zone. The origin of these modules that are from two
different manufacturing sources presented the special opportunity to compare them
for performance, technology type, and materials/processing—and especially their
operation under essentially the same tropical conditions and same applications.
These systems had not had a rigorous evaluation for their reliability and operation
performance that could have documented any module ageing issues or identifying
major degradation mechanisms previously during their time in the field.

The investigation of the performance of these PV systems was initiated with a
review of the available history of PV systems’ operations and possible failures from
CEMIG database. A sample of these PV systems was inspected and selected in the
field during technical visits, and the representative PV modules (some having severe
degradation issues) were removed from the field to be analyzed at in our laborato-
ries of GREEN Solar-IPUC in Belo Horizonte. These modules were inspected fol-
lowing the visual inspection procedures developed by Freitas Souza [19] based on
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the NREL spreadsheet methodology. The manufacturers are not identified
specifically in this paper, but rather referred to Case A (polycrystalline Si) and Case
B (monocrystalline Si).

Case A: Module 1 is polycrystalline Si. Module 1 was selected because it was
typical of all the modules in this Case A, having technology characteristics that are
typified by (i) no visible discoloration (the encapsulant EVA); (ii) it was a different
Si cell technology and manufacturer; and (iii) it was installed at about the same
time, at the same location, and operated for the same period as the monocrystalline
Si devices. Case B: Modules 2, 3, and 4 are monocrystalline Si. Several modules
were selected because they visually represented different degrees of discoloration/
delamination/corrosion and/or the /V characteristics were in various degrees of deg-
radation. Figures 4.3 and 4.4 show photos of these Case A and Case B modules
selected for diagnosis in this study.

Following the detailed visual inspection procedure, the modules had their -V
characteristics recorded using the AAA commercial flash simulator at “Laboratorio
Fotovoltaico” from the University of Sdo Paulo (IEE-USP). The specific electrical
parameters monitored were (1) open-circuit voltage (V,.), (2) short-circuit current
(Iy), (3) fill factor (FF), (4) efficiency, (5) current and voltage at maximum power
point (1, and V), (6) maximum power (P,,), and (7) series resistance (R;).

The P,, (watts) of the tested module (P,test) was determined by the flash test P,
that was obtained from the module data sheet. The degradation rate (DR in %) and
the mean annual degradation rate (%/year) were calculated using Eqs. (4.1) and (4.2):

DR = (P, ref - P, tested) / P, ref |x100 (4.1)
And, the annual average
DR=(DR)/N 4.2)

where N is the number of years in the field.

These photovoltaic modules were also subjected separately to thermographic
(IR) imaging analysis to identify possible hot spots (using a commercial infrared
camera: NEC/Sane), capable of time-resolved imaging. For these IR studies, the
modules were installed outside, positioned at the azimuthal deviation and the ideal
inclination angle for the test site and the minimum irradiation of 700 W/m? [21, 22].
The modules were short-circuited, and after 15 min in this condition, the thermal
maps were recorded for the entire module. Note that the temperatures reached dur-
ing these tests are typically below the 50-70 °C that the modules could encounter
during their field operation.

Attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectros-
copy was performed using Bruker equipment (Model Alpha) equipped with a single
reflection diamond ATR with a scanning range of 400-4000 cm~'. This technique
provided the identification of the chemical state of the glass and encapsulants
(EVA). In addition, surface analytical techniques (Auger electron microscopy and
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Fig. 4.3 Case A module (upper right). Thermal mapping showing uniform response with no hot

spot (upper right). Current voltage and power characteristics (lower) with data provided in
Table 4.1
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of each module is shown in the upper left of each and the thermal scan in the upper right. The cur-
rent voltage and power characteristics are shown at the bottom of each
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Table 4.1 Electrical parameters measured for Case A and Case B modules, comparing to
manufacturers’ specification sheets for these delivered modules

CASE A CASE B
Parameters Module Module 1 Module Module Module Module
Specificati Specification 2 3 4
on Sheet Sheet

Isc (A) 3.25 3.15 3.50 3.18 3.14 3.19
Im (A) 3.02 2.89 3.17 2.47 1.80 2.18
Voc (V) 18.90 19.06 21.70 21.34 21.08 21.34
Vm (V) 15.00 14.36 17.40 13.00 10.18 11.71
Pm (W) 45.30 +5% 41.46 55.00 £5% 32.17 18.28 25.56
Rs (Ohms) 0.99 2.67 6.72 3.95
Total Change in ) } }
Pm from -8.47% 5 q Q
Specification (%) 45.51% 66.76% 53.52%
Average annual
degradation (%) 0.44% 2.30% 3.70% 2.97%

Total change in the P,, for the field-operated modules over the operation periods and the calculated
annual P, degradation (%) are also indicated

X-ray photoelectron spectroscopy) provided initial investigation of the encapsulant
for the presence of any lower-level elements that might be used as ultraviolet (UV)
light inhibitors.

4.3 Results and Discussion

4.3.1 Visual Inspection and Observations

The visual assessment (in the spreadsheet methodology [9]) provides the first
evaluation of any disturbances to the expected (“as-manufactured”) appearance. The
intent is to identify any defects that have developed from the operation and environ-
mental exposure conditions. The major ones include discoloration of the encapsulant,
backsheet chalking, corrosion of interconnects, junction box failures, delamination of
the encapsulant or backsheet, broken cells, snail trails (associated with microcracks),
broken/cracked module glass, moisture ingression, broken contacts/ribbons, and
other features that may indicate fires or lighting strikes, for example. The inspection
can also note the buildup of soiling or growth of biofilms, especially in tropical
areas, on the module surface or along the interfaces with the frames.

For the modules of this study, the two cases have significantly different observa-
tions from the visual inspection. Case A modules showed few signs of any defects—
and no discoloration of the encapsulant to the human eye. Additionally, now
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significant defects such as delamination or cell contact corrosion, indicating that the
encapsulant retained integrity over the 15 years of operation. Case B presented a
noticeable contrast: The modules had various degrees of discoloration (with the
majority showing browning) and significant encapsulant delamination. Metal cell
interconnects also displayed various levels of corrosion. Figures 4.3 and 4.4 com-
pare the encapsulant integrity of Case A with the observations of Case B.

If no discoloration of the encapsulant is observed from normal human eye
inspection, it does not mean that some changes in this material have not occurred.
TalizhMani et al. [23] had noted that initial discoloration can be occurring despite
that it is not observable under normal inspection conditions. This study employed
their UV light methodology (380-395 nm wavelengths) to determine if there were
any initial stages of changes in the chemistry of the EVA encapsulation [18]. This
UV inspection did uncover some modules with slight (initial) discoloration of sev-
eral Case A modules investigated. But it is unlikely that at this stage of chemical
change, the efficiency of the module was significantly affected. Certainly, this is
confirmed by the IV measurements that show these 15-year-old modules from
Case A were well within the manufacturer’s specifications (discussed in the fol-
lowing sections).

4.3.2 Electrical and Thermal Characterization

Following and correlating with the visual inspection results, the electrical and ther-
mal characteristics of the two module types are contrasting. Figure 4.3 shows a
representative I-V curve from the Case A samples. The characteristic maintains the
relative shape of its specifications at manufacture—with a fill factor of about 0.63
(slightly below that of the modules delivered). Moreover, the maximum power
delivered has only decreased by about 8.5% over the operational lifetime.

Figure 4.4a—c shows three Case B PV modules, chosen because they typified
various degrees of EVA discoloration and overall degradation. Corresponding to
the discoloration, corrosion, and delamination of these components, the /-V char-
acteristics show losses in the major parameters, especially noticeable in the V,, and
the FF.

The electrical characteristics of all four modules (Cases A and B) are summa-
rized in Table 4.1, comparing the values to reference modules for each type—taken
from the manufacturers’ reference module data sheets. Although the measured -V
characteristics of the modules at the time of delivery were no longer available, all
modules met initial specifications. The significant changes in P,, (decrease), FF
(decrease), and r; (increase) are documented for the aged modules.

Module 1 had a measured degradation rate of about 0.5%/year (representative of
other Case A modules), within the warranty for this period of time—and typical of
other reports in the literature [7-9]. The degradation rate in PV modules 2—4
(Case B) were considerably higher (>2%/year) and outside the warranty specifications.
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(These PV modules were in the field—tropical environment—for more than
15 years and were manufactured before the year 2000.)

Case A results correlate with the observations from the visible, with the module
not showing signs of discoloration, corrosion, or delamination (see Fig. 4.3). In fact,
this was typical of all modules inspected of this type and age also well under the
1%/year acceptable degradation. In contrast, Case B results indicate significant deg-
radation associated with EVA discoloration, delamination, and corrosion (Fig. 4.4).

Figures 4.3 and 4.4 also present thermographic images of the modules. Case A
modules typically show fairly uniform temperature mapping—with no significant
occurrence of unusual heated regions. However, thermal imaging for Case B mod-
ules identified hot spots within the modules, which not only restricts the perfor-
mance of the entire string but also causes PV module degradation in overextended
operating time periods [1]. Such hot spots are major issues for system reliability and
service lifetime. Due to delamination, the incident sunlight is not able to reach the
solar cells resulting in performance degradation. In addition, these defects inhibit
uniform dissipation of heat, resulting in higher operating cell temperatures (hot
spots), which further degrade the performance [1-5].

4.3.3 Chemical Analysis

Since UV radiation with high temperature is a documented cause of polymer break-
down, we postulated that the differences between the evident differences between
the two cases could be due to either differences in the glass or the EVA itself. PV
manufacturers have used additives to both to absorb the UV, preventing this radia-
tion from breaking the organic bonds underlying the material degradation.

4.3.3.1 Module Glass

Cerium (cerium oxide) had been used in module glass to absorb the deleterious UV
radiation before reaching the EVA. Because of the differences in the discoloration
between the polycrystalline and the monocrystalline modules, we first conjectured
that this could be due to the UV absorber in the glass. To identify the presence of the
cerium element (Ce) in the module glass, by attenuated total reflectance Fourier
transform infrared (ATR-FTIR) analysis was performed in attenuated total reflec-
tance (ATR) mode.

Multiple module glass samples from both Case A and Case B were analyzed.
The FTIR did not detect the presence of cerium in either Case. XPS and EDS analy-
sis showed similar results—indicating no cerium or its oxide present within the
detection limits of the techniques. Additionally, Carvalho de Oliveira reported that
the composition of these glasses appeared to be identical [2]. Thus, cerium-containing
glass was eliminated in differentiating the degradation properties between the two
module types.
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4.3.3.2 Encapsulant

To access the EVA directly for chemical analysis, two characteristic modules were
broken (shattered) to expose the material for characterization. EVA samples repre-
sented the Case A (“best”) and several of the Case B (“visibly discolored”) modules.
This section is based upon more detailed chemical analysis, identifications, and
discussion of the changes in the chemistry of the EVA for these two specific cases
reported by de Oliveira [20].

The evaluation also used FTIR-ATR for chemical/compositional analysis. The
EVA samples are designated EVA 1 (present in module 1 [Case A]) and EVA 2
(present in module 2 [Case B]) encapsulants. A commercial EVA sample was used
as reference material from a major PV module manufacturer. The EVA photodegra-
dation was studied by the spectral analysis estimating the carbonyl index (CI) by
comparing the intensity ratio of the ester carbonyl absorption band with the refer-
ence band at 2850 cm™' [22, 24]. This reference band is characteristic of the defor-
mation of the rocking vibrational mode in the plane to methylene (CH,—), which is
taken as an internal standard in relation to the other bands that compensate the dif-
ferences of signals. This band is used to normalize the difference in signals that
occurs due to surface factors such as the contact angle with the light beam incident
on the ATR-FTIR and the variations in the thickness of the samples [22].

The band observed in the region 1735 cm~! was deconvoluted to separate bands
that overlapped. The procedure was performed using the OMNIC™ software and
employing the Lorentzian mathematical function that better fitted the curve.

The ratio CI (carbonyl index) given by Eq. (4.3) was determined from the ratios
between the absorbance value (A) of the stretching vibrational mode of the ester
carbonyl group at 1735 cm™" and the symmetrical vibrational mode of stretch of
methylene (-CH,~) in 2850 cm~! [22, 24]. That is,

_ A1735(ester carbonyl)
~ A2850(methylene)

4.3)

The CI was determined to obtain a quantitative comparison of the functional
groups of the EVA: commercial copolymer, EVA 1 (module 4), and EVA 2
(module 2). Photovoltaic module 2 showed yellowing and browning of the
encapsulant (see Table 4.2). Module 4 was not significantly degraded. Table 4.2
shows the carbonyl index (CI) for the EVA samples extracted from each of the PV
modules [22].

Tgble ‘:-2 fCarbonyl indelx Encapsulant CI: A1735/A2850
(CI) value for EVA samples . .
from this study Commercial EVA (typical) | 1.1

EVA 1 (Case A) 1.2

EVA 2 (Case B) 1.7
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The highest carbonyl index (CI) of module 2 agrees with the degraded aspect
presented by the encapsulant of this photovoltaic module. The yellowing and brown-
ing of EVA are the visibly physical aspect due to its degradation [21, 22] (affecting
primarily the /.). EVA 1 (Case 1: module 1) presented a lower CI value than EVA 2
(Case 2: module 2) and close to the commercial EVA. This can be attributed to the
presence of additives, such as accelerators, adhesion promoters, initiators, antioxi-
dants, and stabilizers or UV absorbers [10]. These additives are organic compounds
that have some functional groups identical to those presented by EVA. Because they
are at levels typically less than 1-2% in most EVA, it is difficult to identify these
species in ATR-FTIR spectra or by XPS [3, 4].

The exposure to the UV component of solar radiation and high temperature can
cause browning of the encapsulant formed by ethylene-vinyl acetate (EVA) copoly-
mer and its delamination. The chemical analysis studies of the encapsulant degrada-
tion process of the modules 1, 2, and 3 were made. They showed that with exposure
to solar radiation, EVA undergoes deacetylation of the vinyl acetate pendant group
with the formation of predominantly acetic acid, acetaldehyde, and polyenes, which
are the discoloring chromophores, or cross-links with adjacent chains. Mainly ace-
tic acid and acetaldehyde can catalyze the degradation of EVA beyond they are
corrosive of the metallization in crystalline Si PV modules [7, 8]. The metal oxida-
tion also occurs between the metal contacts, from the moisture that enters the PV
module due to sealing problems in edges related to its incorrect application or rup-
ture by external agents [8].

The EVA from Case A and Case B had distinct chemical and physical differ-
ences from these analyses. The remaining difference was in the EVA processing.
From the manufacturers, Case A had EVA that was “fast cured,” with controlled Res
Gel contents of about 85-90%—both aspects for minimizing the discoloration
mechanisms. Case B had used slow curing for the EVA (conventional processing by
that manufacturer at that time). No data were available on the gel content for com-
parison, but it would be expected that the gel content would be lower based upon
reports from slow-cured EVA in the literature. This major difference in EVA pro-
cessing is the likely major reason for the differences in the color and associated
degradation mechanisms.

4.4 Summary and Conclusions

This paper examined and compared performance losses and degradation mecha-
nisms for modules from two PV systems installed in the state of Minas Gerais,
Brazil, for ~15-year periods. This provided the special opportunity to directly evalu-
ate and contrast the losses, reliability, and durability of modules operating for a long
period for the same distributed power applications. The focus of these studies was
on modules (a) from two installations, (b) operating under the same climate condi-
tions (tropical zone according to Koppen-Geiger), (¢) with modules from two differ-
ent manufacturers and technologies, (d) manufactured and installed at about the
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same time, but (e) with very different resulting observed changes in their opera-
tional and physical characteristics over their long-time field exposures.

“What” the differences were and the “why?” underlying these differences fol-

lowed the characterization process:

Visual observations (“spreadsheet methodology”)

Case A (polycrystalline or multicrystalline Si cells) had no encapsulant discolor-
ation and few indications of delamination and corrosion. (Initial discoloration of
the EVA can be detected under UVB light. This was observed for a small number
of modules in this case—but most had no indications of changes.)

Case B (monocrystalline Si cells) had significant yellowing and browning,
widespread areas of delamination, and fairly extensive interconnect corrosion
regions.

Electrical and thermal characterization

Case A: Average annual loss in power of 0.3-0.7%; thermal mapping of modules
showed uniform temperature characteristics with no significant higher-
temperature regions.

Case B: Average annual power losses in the range 2.0—4.0% (or more) over their
installation time. Thermography showed many hot spots corresponding to
delamination and corrosion defects.

Encapsulant discoloration and delamination provided the first clues and apparent

correlation to the measured differences in module performance. The climate condi-
tions of high ultraviolet (UV) radiation and high ambient temperatures correspond to
the environment to enable and to accelerate such encapsulant (EVA) degradation.

Because of the differences in these characteristics, the first question addressed

was whether the UV was purposely inhibited (using cerium) from reaching the
encapsulant for Case A versus Case B.

Glass: Chemical properties

The glass for neither the Case A nor the Case B modules had cerium (cerium
oxide) detected by ATR-FTIR, EDS, or XPS. Neither glass had this UV inhibitor.
And both glasses had approximately the same chemical (expected) constituents.
It was concluded that the module glass was not responsible for the differences.
Encapsulant (EVA) properties

The value found to CI of Case B confirmed the degradation suffered by the EVA
encapsulant and the presence of carboxylic acid hydroxyl (higher CI), confirm-
ing the formation/presence of acetic acid. It was found that the EVA with the
highest thermal stability was that of Case A (lowest CI conforming to source
material before exposure). These results correspond to previous reports in the
literature for the discoloration of the EVA under enhanced UV and high-
temperature conditions—as well as for the delamination. The photothermal deg-
radation of the EVA encapsulant under high ultraviolet (UV) and high-temperature
exposure results in color changes over the areas of the solar cells that progress
from yellowing to browning. This discoloration primarily reduces the transmis-
sion of light to the solar cells, which directly reduces the short-circuit current (/)
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decreasing the associated module efficiency. This EVA degradation process leads
to the production of acetic acid and other volatile gases that get trapped within
the module at different interfaces, causing delamination or bubble formation,
reducing module performance and reliability [25-28].

The acetic acid attacks the metallic contacts of solar cells and causes corrosion,
in turn increasing the series resistance (R;) and ultimately reducing the power yield
[26]. Therefore, the formation of bubbles, delamination, and corrosion, and in
some cases the formation of hot spots, are some indirect effects of EVA discolor-
ation that can contribute to the reduction of PV module efficiency and lifetime.

There were some differences between the samples examined between Case A
and Case B. Case A EVA has some indications of the presence of very low-level
additives, such as accelerators, adhesion promoters, initiators, antioxidants, and sta-
bilizers or UV absorbers [2, 9]. These additives are organic compounds that have
some functional groups identical to those presented by EVA. Because they are at
levels typically <1% in most EVA, it is difficult to identify these species in ATR-
FTIR spectra [3, 4]. However, the initial XPS results show some subtle differences
that might provide the possible presence of these low-level additives. However, the
manufacturer could not confirm this.

Thus, we have preliminary conclusions for the distinct differences in the long-
time field performances between Case A and Case B:

* The major cause of the degradation of Case B modules compared to Case A lies
with the EVA encapsulation.

e Case A EVA was “fast-cured,” resulting in a gel content in the >85% range (ideal
for this encapsulant); Case B EVA was “slow-cured”—a process more prone to
polymer degradation.

e UV: The glass from neither case had cerium as a UV inhibitor. Though this is a
common additive for module glass, it was sometimes left out in order to increase
the light transmission through the glass. From the chemical analyses, there were
indications that the EVA for Case A might have UV stabilizers, but this needs
additional confirmation.

Acknowledgments The authors would like to thank the Energetic Company of Minas Gerais
(CEMIG-D), University of Sao Paulo (USP), and Pontifical Catholic University of Minas Gerais
(PUCMINAS) for their support for the development of this project. Also, our team would like to
thank FAPEMIG and CNPq for the financial support and guidance. We also gratefully acknowl-
edge the help and inputs of the entire GREEN technical team.

References

1. TamizhMani G, Kuitche J (2012) A Literature Review and Analysis on: Accelerated Lifetime
Testing of Photovoltaic Modules, Solar ABCs report

2. Michele CC de Oliveira (2018) PhD thesis, Universidade Federal de Minas Gerais (UFMG)

3. Jiang S, Wang K, Zhang H, Ding Y, Yu Q (2015) Encapsulation of PV modules using ethylene
vinyl acetate copolymer as the encapsulant. Macromol React Eng 9:522-529



10.

11.

12.

13.

15.

16.

17.

18.

19.

20.

21.

22.

Evaluation of Performance Losses and Degradation of Aged Crystalline Si... 45

. Charki A, Laronde R, Bigaud D (2013) Accelerated degradation testing of a photovoltaic mod-

ule. J Photonics Energy 3:1-10

. Oliveira MCC, Diniz ASAC, Viana MM, Lins VFC (2018) The causes and effects of degrada-

tion of encapsulant ethylene vinyl acetate copolymer (EVA) in crystalline silicon photovoltaic
modules: a review. Renew Sustain Energy Rev 81:2299-2317

. Czanderna AW, Pern FJ (1996) Encapsulation of PV modules using ethylene vinyl acetate

copolymer as a pottant: a critical review. Sol Energy Mater Sol Cells 43:101-181

. Peike L, Purschke C, Weiss KA, Kohl M, Kempe M (2013) Towards the origin of photochemi-

cal EVA discoloration. In: Proceedings of the 39th IEEE photovoltaic specialists conference
(PVSC 39). IEEE-PVSC, Tampa, FL, pp 1579-1584

. Klemchuk P, Erzin M, Lavigne G, Holley W, Galica J, Agro S (1997) Investigation of the

degradation and stabilization of EVA-based encapsulant in field-aged solar energy modules.
Polym Degrad Stab 55:347-364

. Dunn L, Gostein M, Stueve B (2013) Literature review of the effects of UV exposure on PV

modules. NREL PV Module Reliability Workshop

Kempe M (2010) Ultraviolet light test and evaluation methods for encapsulants of photovoltaic
modules. Sol Energy Mater Sol Cells 94:246-253

Holley WH, Argo SC, Galica JP, Yorgensen RS (1996) UV stability and module testing of
nonbrowning experimental PV encapsulants. In: Proceeding of 25th IEEE PVSC. IEEE,
Washington, DC

Pern FJ (1997) Ethylene-vinyl acetate (EVA) encapsulants for photovoltaic modules: degrada-
tion and discoloration mechanisms and formulation modifications for improved photostability.
Angew Makromol Chem 252:195-216

Jordan DC, Kurtz SR (2013) Photovoltaic degradation rates—an analytical review. Prog
Photovolt 21:12-29

. Wohlgemuth J (2012) Standards for PV modules and components—recent developments and

challenges. NREL Report number: NREL/CP-5200-56531

Packard C, Wohlgemuth J, Kurtz S (2012) Development of a visual inspection data collection
tool for evaluation of fielded PV module condition. National Renewable Energy Laboratory
(Technical Report: NREL/TP-5200-56154)

Chattopadhyay S, Dubey R, Kuthanazhi V, Zachariah S, Bhaduri S, Mahapatra C, Rambabu
S, Ansari F, Chindarkar A, Sinha A, Singh HK, Shiradkar N, Arora BM, Kottantharayil A,
Narasimhan KL, Sabnis S, Vasi J (2016) All-India Survey of photovoltaic module reliability:
2016, National Center for Photovoltaic Research and Education (NCPRE). IIT Bombay and
National Institute for Solar Energy (NISE), Mumbai, Gurugram. http://www.ncpre.iitb.ac.in/
research/pdf/All_India_Survey_of_Photovoltaic_Module_Reliability_2016.pdf

Kottek M, Grieser J, Beck C, Rudolf B, Rubel F (2006) World map of the Képpen-Geiger
climate classification updated. Meteorol Z 15(3):259-263

ATLAS SOLARIMETRICO DE MINAS GERAIS. Belo Horizonte. Companhia Energética de
Minas Gerais (CEMIG) (2012). http://www.cemig.com.br/pt-br/A_Cemig_e_o_Futuro/inova-
cao/Alternativas_Energeticas/Documents/Atlas_Solarimetrico_ CEMIG_12_09_menor.pdf
Francisco Hering Alves de Freitas Souza, Inspe¢cdo e Monitoramento do Desempenho de
Sistemas Fotovoltaicos Conectados a Rede Elétrica: Estudo de Caso Real (2014) Master
thesis, Pontificia Universidade Catolica de Minas Gerais, Programa de Pés-Graduagdo em
Engenharia Mecanica, Minas Gerais

Diniz ASAC, Lauro VBMN, Camara CF, Morais P, Cabral CVT, Filho DO, Ravinetti RF,
Franca ED, Cassini DA, Souza MEM, Santos JH, Amorim M (2011) Review of the pho-
tovoltaic energy program in the state of Minas Gerais, Brazil. Renew Sustain Energy Rev
15:2696-2706

ASSOSSIACAO BRASILEIRA DE NORMAS TECNICAS, ABNT NBR-15572:2013—
Ensaios ndo destrutivos—Termografia Guia para inspecdo de equipamentos elétricos e
mecanicos (2013)

ASSOSSIACAO BRASILEIRA DE NORMAS TECNICAS, ABNT NBR-15866:2010.
Ensaio ndo destrutivo—Termografia—Metodologia de avaliagdo de temperatura de trabalho
de equipamentos em sistemas elétricos


http://www.ncpre.iitb.ac.in/research/pdf/All_India_Survey_of_Photovoltaic_Module_Reliability_2016.pdf
http://www.ncpre.iitb.ac.in/research/pdf/All_India_Survey_of_Photovoltaic_Module_Reliability_2016.pdf
http://www.cemig.com.br/pt-br/A_Cemig_e_o_Futuro/inovacao/Alternativas_Energeticas/Documents/Atlas_Solarimetrico_CEMIG_12_09_menor.pdf
http://www.cemig.com.br/pt-br/A_Cemig_e_o_Futuro/inovacao/Alternativas_Energeticas/Documents/Atlas_Solarimetrico_CEMIG_12_09_menor.pdf

46

23.

24.

25.

26.

217.

28.

29.

A.S. A. C. Diniz et al.

Ali S, Ali A, Saher S, Saif Agha H, Majeed H b A, Mahmood FI, TalizhMani G (2018) A
comprehensive study of 18-19 years field aged modules, for degradation rate determination
along with defect detection and analysis using IR, EL, UV. In: Proceeding of 5th International
Bhurban Conference on Applied Sciences and Technology (IBCAST). IEEE, New York. Also,
Personal Communication with A.S.A.C. Diniz (2017)

JinJ, Chen S, Zhang J (2010) U V-aging behaviour of ethylene-vinyl acetate copolymers (EVA)
with different vinyl acetate contents. Polym Degrad Stab 95(5):725-732

Gagliardi M, Lenarda P, Paggi M (2017) A reaction-diffusion formulation to simulate EVA
polymer degradation in environmental and accelerated ageing conditions. Sol Energy Mater
Sol Cells 164:93-106

Sinha A, Sastry OS, Gupta R (2016) Nondestructive characterization of encapsulant discolor-
ation effects in crystalline-silicon PV modules. Sol Energy Mater Sol Cells 155:234-242
Igor Alessandro Silva Carvalho, Preparacgao estudo da fotodegradacao de compdsitos de matriz
polimérica para encapsulamento de médulo fotovoltaico (2007) Master thesis, P6s-Graduagao
em Engenharia de Materiais da REDEMAT, Minas Gerais

Kojima T, Yanagisawa T (2005) Ultraviolet-ray irradiation and degradation evaluation of the
sealing agent EVA film for solar cells under high temperature and humidity. Sol Energy Mater
Sol Cells 85:63-72

Jin J, Chen S, Zhang J (2010) Investigation of UV aging influences on the crystallization
of ethylene-vinyl acetate copolymer via successive self-nucleation and annealing treatment.
J Poly Res 17:827-836



®

Check for
updates

Chapter 5
The Bioclimatic Approach in Developing
Smart Urban Isles for Sustainable Cities

D. K. Serghides, S. Dimitriou, I. Kyprianou, and C. Papanicolas

5.1 Introduction

The intense urbanisation observed from 1950 (30% urban dwellers) to today (55%
urban dwellers), in conjunction with increasingly energy-intensive lifestyles, has
led to voracious patterns of global energy consumption, especially in heavily urban-
ised areas [1-3]. Indicatively, cities are estimated to consume 75% of the natural
resources and emit between 60 and 80% of the global greenhouse gas (GHG) emis-
sions, while occupying 3% of the Earth’s land surface [4]. These patterns indicate
not only a steep increase in the urban population globally, but also drainage of natu-
ral resources and simultaneous increase of pollution caused by urban centres.

The approach of bioclimatic architecture is well established. Bioclimatic design
considers the building totally from the stage of its inception as a place of energy
exchange between the indoor and the external environment, natural and climatic, as
a dynamic structure which utilises the beneficial climatic parameters (solar radia-
tion for winter, sea breezes for summer, etc.), while avoiding the adverse climatic
effects (cold winds for winter, solar radiation for summer) [5]. Bioclimatic build-
ings aim to address three main challenges encountered in urban centres: energy
conservation, health and wellbeing of inhabitants and sustainability [6]. In addition
to the structural design of the building, determining is the human factor. It was
shown that the ability of users to manually operate elements of the building (e.g.
windows) improves thermal comfort and energy conservation [7]. The bioclimatic
design and functionality of buildings can and should be extended to the urban area
surrounding them. The need for such approaches is critical in urban settings, due to
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the urban heat island (UHI) effect. UHI is a phenomenon characterised by increased
urban temperatures relative to the surrounding rural and sub-urban spaces. Some of
the impacts of the UHI effect include high energy consumption for cooling, low
thermal comfort levels and increased mortality and morbidity rates [8].

The bioclimatic approach has the capacity to improve indoor and outdoor ther-
mal conditions. Components of bioclimatic design with regard to outdoor open
spaces include urban canopy and geometry, surface materials utilised as well as
vegetation and water surfaces of the locale [9, 10]. Of course, bioclimatic design of
outdoor areas has an impact on the energy needs of adjacent buildings. For example,
a case study performed in low-income dwellings in Cyprus showed that the orienta-
tion of buildings affects indoor temperatures, illustrating that urban geometry
can influence the building’s energy consumption and indoor thermal comfort [11].
The existing literature on bioclimatic design primarily considers case studies of
certain regional characteristics, with the results being applicable mainly to areas with
similar attributes. For example, in a refurbishment study, it was estimated that adding
movable shading devices to an existing single family house of the Mediterranean
region was the optimal solution for energy conservation and economic viability [12].
A similar study in a Cyprus dwelling also suggested external bioclimatic interven-
tions (horizontal overhangs) within a range of measures that could be applied to
refurbish an existing dwelling into a nearly zero energy building (nZEB), with a
payback period of less than 1 year [13].

The present study will explore bioclimatic applications on an existing urban isle
located in the coastal city of Limassol, in Cyprus. The urban isle is defined as an
area around public buildings, which makes use of synergies amongst different build-
ing functions and scale advantages for energy solutions. The case study for this
urban isle is part of the project “Smart bioclimatic low-carbon urban areas as inno-
vative energy isles in the sustainable city” (SUI). This project adopts a threefold
approach: Smart Grids (decentralised renewable energy generation, energy storage
and distribution), Management Platform (manage and provide optimal energy flow)
and Bioclimatic Design and urban planning [14]. Essentially, bioclimatic units of
the urban fabric (urban isles) are examined in relation to their inter-connectability
and management through an intelligent platform.

5.2 Description of Case Study

The aim of this investigation was to determine the human comfort conditions in the
case study of a (public) building and area and calculate their energy efficiency. This
section describes the case study building and area, as well as the key performance
indicators related to energy consumption and emissions in the area.
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5.2.1 The SUI Public Building

The public building under study is a four-floor (ground floor, mezzanine, first
floor and second floor) University Administration building constructed in 1979 and
renovated in 2010 (Fig. 5.1, left). It is equipped with various services, including
approximately 60 workplaces, a lecture room for 30 people and two meeting rooms.
It is located in the old town neighbourhood of Limassol, near the seafront, a com-
mercial area with up to seven-storey buildings surrounding it. Although recently
refurbished, the building is not insulated. Details on the thermal performance of
the envelope elements can be found in Table 5.1.

The case study building’s load-bearing structure is reinforced concrete. The
main wall structure is reinforced concrete with brickwork, cladded partially outside
with travertine marble, whereas the main roof structure is reinforced concrete,
polystyrene, cement screed and waterproof membrane. The floor is comprised of
reinforced concrete, screed concrete, raised floor with final layer of parquet in the
ground floor or fitted carpet. For the simulation with Design Builder, the heating and
cooling temperatures were set at 22 °C and 26 °C, respectively, based on the onsite
observation and the thermal comfort survey.

Fig. 5.1 (1) Limassol building (left); (2) Limassol urban isle area (inside red circle) (right)

Table 5.1 Limassol building Envelope element U-value (W/m?K)
envelop e thermal Main concrete wall 3.33
transmittance values :

Secondary brick 1.18

Roof 1.36

Floor 0.87

Windows—double glazed | 2.00
Windows—single glazed 6.00
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The building was modelled with both Design Builder and iSBEM software.
The latter is the official tool for the energy certification of buildings in Cyprus. The
results indicate that the simulation generated by Design Builder gives smaller
deviation from the real consumption than the one generated by iSBEM (Fig. 5.2),
since Design Builder is a dynamic simulation program.

The breakdown of energy consumption per energy service for the case study is
illustrated in Fig. 5.3, as simulated with Design Builder. Currently, the most energy-
consuming service is cooling, followed closely by lighting and equipment.
Surprisingly, heating is only responsible for about 12% of the total consumption
of the building, suggesting that the proposed measures should focus on the more
draining energy services of the building.

Current energy performance

180.0 160.2
160.0
140.0
119.9
120.0 116.0
94.0
§ 100.0 82.0
Z s0. 69.3
Z 80.0
60.0
40.0
200
0.0
Bills Design Builder iSBEM

m Final Energy consumption (KkWl/m2yr) m CO2 emmisions (kgCO2/m2yr)

Fig. 5.2 Limassol building current energy performance

Fig. 5.3 Limassol building Energy consumption per energy need
energy consumption (Design Builder)
breakdown (Design

= Cooling (kWh/m2)

= Heating (kWh/m2)

= DHW (kWh/m2)

= Lighting (kWh/m2)

= Equipment (kWh/m2)

Builder) II
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5.2.2 The SUI Area Buildings

The urban isle is located in the built-up area of the town of Limassol, adjacent to the
main commercial street (Anexartisias street) and the Headquarters of the Cyprus
University of Technology (Fig. 5.1, right). There are various open spaces near-by,
such as squares and parking lots. There are old stone buildings of one and two sto-
reys and newer concrete structures of more than three floors. The area is occupied
by retail stores, university buildings, cafeterias and bars.

Real consumption data from a report provided by the Ministry of Commerce,
Industry and Tourism [15] were used to determine the energy profile of the 20 non-
public buildings of the isle (Table 5.2). From this information, the energy consump-
tion per energy need was also calculated for the entire urban isle (Fig. 5.4). The
largest share of energy consumed in the investigated urban isle is attributed to light-
ing and equipment (jointly 56%), followed by cooling (33%) and finally heating
(11%), in line with the energy demands of the specific case study building previ-
ously described.

5.2.3 The Key Performance Indicators

As expected, the CO, emissions and energy consumption accounted for the case
study building and the buildings of the surrounding area do not meet the in-force
regulation (Directive 432/2013) regarding the minimum energy performance of

Table 5.2 Energy profiles of the isle buildings

Emissions Number of properties 20
CO, emissions (ton/year) 451.6
Average CO, emissions per building (kg/year) 22,942
Electricity Total electricity consumption (MWh/year) 710.9
Average electricity consumption per building (kWh/year) 35,544
Fig. 5.4 Limassol building Energy consumption per energy need
energy consumption
breakdown (Design
Builder)
B Heating
= Cooling

= Lighting and equipment
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Table 5.3 Limassol energy profile—CO, emissions (left); Limassol energy profile—energy
consumption (right)

SUI Energy Profile_ Limassol SUI Energy Profile_ Limassol
CO2 emissions (kgC02/m2) final energy (kWh/m2)
Building Building
115
Area Area
220

buildings. For the key performance indicators (Table 5.3), the actual energy
consumption data were used. The case study building currently accounts for more
than half the CO, emissions and final energy consumption of the total area.

5.3 Building Energy Retrofitting Scenarios and Results

Cyprus has been a member of the EU since 2004 and is therefore bound to comply
with the EU legislation. From 2006 onwards, the Republic of Cyprus has been pub-
lishing Laws/Directives/Regulations/Rules and National Action Plans concerning
the minimum energy requirements to be fulfilled by all new buildings and those
falling under the category of “major refurbishment”. The legislation follows the
Directive 2002/91/EC of the European Commission and after 2010 the Directive
2010/31/EU of the European Parliament on the energy performance of buildings.

The effectiveness of individual measures was explored, and a Smart SUI scenario
was developed for the case study building. For the energy improvement scenarios
and simulations of the Limassol case study building, iISBEM was used to calculate
the energy performance of the building. Moreover, Design Builder was used to
evaluate the energy consumption and performance of the case study building
before and after the energy refurbishment measures.

In addition, measures towards the improvement of outdoor thermal comfort were
investigated. The improvement of outdoor thermal comfort was promoted though
these measures, which lead to decrease in the energy cooling needs. ENVI-met was
used with Biomet, as a post-processing tool to calculate human thermal comfort
indices for the simulation data of ENVI-met, and the results were visualised with
Leonardo.

5.3.1 Energy Retrofitting Scenarios

The minimum energy performance requirements towards an nZEB, as specified by
the National Legislation, reduce effectively the heating need (~90%), but fail to
address as effectively the cooling need (~50% reduction), while lighting and
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equipment are even less affected. The same shortcomings regarding cooling reduction
apply for the Label B Scenario refurbishment. The energy retrofitting scenarios were
developed taking into consideration the high energy consumption due to cooling
and lighting, which are not effectively addressed by the typical nZEB and Label B
refurbishments. The energy and cost-effectiveness of the measures below aiming to
combat the aforementioned were investigated on an individual basis.

5.3.1.1 The Optimal Building Retrofitting Scenario

The energy refurbishment measures below, related to different envelope elements,
are used as variables, initially to be examined individually in simulations using the
Design Builder. Consequently, the most effective measures are selected to build an
optimised scenario, termed “the SUI scenario”.

In order to determine which measures to include in the SUI scenario, the mea-
sures must also be examined in terms of cost-effectiveness. The most cost-effective
measures with a payback period less than 15 years, in the order of most to least
effective, are:

* Add window film shade in the single glazed windows (5 years): A window film
is added on the external surface of the single glazed windows to intercept the
solar heat from entering the building. According to simulations, the total solar
transmission value decreases sevenfold when the solar film is applied. The result
is 1.6% reduction in energy needs and 2.6% reduction in CO, emissions.

* Substitution of the existing bulbs with LED (10 years): When substituting the
existing lighting with LED technology, approximately 76% lower normalised
power density (irradiance) is simulated. This results in 4.4% reduction in energy
demand and 5.3% reduction in CO, emissions.

* Control the indoor temperature (12 years): The comfort temperature range is
increased from 22-26 °C to 19-27 °C, decreasing the heating set point by 3° and
increasing the cooling set point by one [7]. The temperatures are controlled using
a programmable Thermostat, and this measure results in 4.7% reduction in
energy needs and 2.6% reduction in CO, emissions.

* Cool paint for the roof (15 years): Painting the roof with a cool paint prevents
the building from overheating and results in almost 1% reduction in energy
consumption and CO, emissions.

The above measures were combined in order to build the SUT scenario. The results
of the simulations of this scenario are presented in Fig. 5.5.

The energy consumption of the case study building is reduced by approximately
12% according to the SUI scenario, similar to the cutbacks in CO, emissions. As for
the individual energy services of the building (Fig. 5.6), the highest percentage of
energy savings occurs from cooling (19%), followed by lighting (16%) and then
heating (12%). There is no RES contribution in this scenario, and the payback
period is estimated to be 10 years.
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Fig. 5.5 Limassol building SUI Scenario
SUI scenario—percentage
energy and CO, reduction 20.0%
(DesignBuilder simulation)
15.0%
11.9% 11.7%
10.0%
5.0%
0.0%

Design Builder

m Energy reduction = CO2 emissions reduction

SUI Scenario
percentage energy reductions

100%
90%
80%
® Cooling
" 70%
® Heatin,
g 60% .
= " DHW
2 50%
1 ® Lightin;
£ 40% gh a
- = Equipment
30%
u Total Energy

19%

16%

20% 12% 12%
- . mE B =
0%

Fig. 5.6 Limassol building SUI Scenario—percentage energy savings (DesignBuilder simulation)

5.3.1.2 Proposed Surrounding Area Retrofitting Scenario

During a typical summer day, the PMV (predicted mean vote—methodology that
defines thermal comfort standards) does not fall below +2, ranging from +2.1 to
+5.7, being over +4 (classified as extremely hot) at 2 pm. The most compromising
time to be outside is between 1 and 2 pm.

A scenario for the enhancement of the outdoor comfort was developed, using
replacement of asphalt and pavement with granite single stones and doubling the
number of trees in the urban isle (Fig. 5.7). The results indicate 0.8 K reduction
in air temperature on average and expected decrease in cooling demand by 1.5%—
2.0% [16].
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Abbildung 1: Vergleich
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Fig. 5.7 Absolute difference in temperature in winter at 2 pm—comparison before and after the
measures
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5.3.2 Bioclimatic Scenarios Combined Impact

The SUI refurbishment of the public building can lead to approximately 28 MWh
yearly reductions in its energy consumption. With the outdoor area retrofitted, a
reduction of 2% is expected on the cooling demand of all the SUT buildings. This will
further decrease the energy consumption of the isle buildings by 5830 kWh per year.
The subsequent total reduction in CO, emissions will be up to almost 24 tonsCO,/
year, which corresponds to an overall percentage decrease of 4%.

5.4 Conclusion

The current case study of the urban isle with the buildings has indicated that major
energy consumption patterns are observed in the cooling, lighting and equipment
services of the constructions in Cyprus. Therefore, energy refurbishments in Cyprus
must focus primarily on minimising the cooling needs of the buildings. The results
of the study show that addressing these energy draining issues by following the
directives for the nZEB and Label B certification as guidelines is not cost-effective.
Furthermore, the results demonstrate that the buildings can reduce their energy con-
sumption by means of easily applicable, bioclimatic, cost-effective measures.
Improving the energy efficiency of the buildings in combination with the outdoor
materiality induces higher, more generalised and permanent reductions in energy
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consumption and CO, emissions. Specifically, through the analysis of the various
developed scenarios and simulations, it has transpired that individual bioclimatic
measures such as applying window film shade, conversion to LED lighting, control-
ling the indoor temperatures with automated thermostats and applying cool paint on
the roof can result in energy consumption and CO, emission reductions of more
than 10%, in this Mediterranean setting. A prospect for future studies in this field is
the development of an integrated approach with a model that simulates the effects
of bioclimatic building modifications on the outdoor environment and pedestrian
thermal comfort. Conversely, another possible pathway would be to investigate the
impact of outdoor thermal comfort on indoor thermal conditions and patterns of
energy consumption. Future studies can therefore explore the dynamic relationship
between indoor and outdoor thermal comfort, the effect on the energy consumption
and the consequent bearing on urban sustainability.

Acknowledgements The authors would like to thank the EU and the Research Promotion
Foundation for funding, in the frame of the collaborative international Consortium (SUI) financed
under the ERA-NET Cofund Smart Cities and Communities Cofunded Call. This ERA-NET is an
integral part of the 2014 Joint Activities developed by the Joint Programming Initiative Urban
Europe (JPI Urban Europe).

References

—

. UN (2018) World Urbanization Prospects: The 2018 Revision
2. Grubler A, Bai X, Buettner T, Dhakal S, Fisk DJ, Ichinose T et al (2012) Urban energy system.
Cambridge University Press, Cambridge
3. Friedman K, Cooke A (2011) City versus national energy use: implications for urban energy pol-
icy and strategies. Procedia Eng 21:464—472. https://doi.org/10.1016/j.proeng.2011.11.2039
4. UNEP (2012) Global initiative for resource efficient cities: engine to sustainability. https://
europa.eu/capacity4dev/unep/document/global-initiative-resource-efficient-cities-brief
5. Serghides D (2010) The open access. Open Construct Build Technol J 4:29-38
6. Metallinou VA (2006) Ecological propriety and architecture. In: Eco-architecture.
Harmonisation between architecture and nature, WIT Transactions on The Built Environment.
p 15-22. doi:https://doi.org/10.2495/ARC060021
7. Serghides D, Dimitriou S, Kyprianou I, Papanicolas C (2017) The adaptive comfort factor
in evaluating the energy performance of office buildings in the mediterranean coastal cities.
Energy Procedia 134:683-691. https://doi.org/10.1016/j.egypro.2017.09.588
8. Santamouris M (2016) Innovating to zero the building sector in Europe: minimising the energy
consumption, eradication of the energy poverty and mitigating the local climate change. Sol
Energy 128:61-94. https://doi.org/10.1016/j.solener.2016.01.021
9. Chatzidimitriou A, Yannas S (2016) Microclimate design for open spaces: ranking urban
design effects on pedestrian thermal comfort in summer. Sustain Cities Soc 26:27—47. https://
doi.org/10.1016/j.s¢s.2016.05.004
10. Karakounos I, Dimoudi A, Zoras S (2018) The influence of bioclimatic urban redevelop-
ment on outdoor thermal comfort. Energ Buildings 158:1266—1274. https://doi.org/10.1016/].
enbuild.2017.11.035
11. Chatzinikola C, Serghides DK, Santamouris M (2015) Effect of the orientation on the win-
ter indoor temperatures and on the energy consumption of low-income dwellings in the
Mediterranean region. In: International Conference with Exhibition S.ARCH—Environment
and Architecture, Montenegro p 1-9


https://doi.org/10.1016/j.proeng.2011.11.2039
https://europa.eu/capacity4dev/unep/document/global-initiative-resource-efficient-cities-brief
https://europa.eu/capacity4dev/unep/document/global-initiative-resource-efficient-cities-brief
https://doi.org/10.2495/ARC060021
https://doi.org/10.1016/j.egypro.2017.09.588
https://doi.org/10.1016/j.solener.2016.01.021
https://doi.org/10.1016/j.scs.2016.05.004
https://doi.org/10.1016/j.scs.2016.05.004
https://doi.org/10.1016/j.enbuild.2017.11.035
https://doi.org/10.1016/j.enbuild.2017.11.035

12.

13.

14.

The Bioclimatic Approach in Developing Smart Urban Isles for Sustainable Cities 57

Serghides DK, Dimitriou S, Katafygiotou MC, Michaelidou M (2015) Energy efficient refur-
bishment towards nearly zero energy houses, for the Mediterranean region. Energy Procedia
83:533-543. https://doi.org/10.1016/j.egypro.2015.12.173

Serghides DK, Michaelidou M, Christofi M, Dimitriou S, Katafygiotou M (2017) Energy
refurbishment towards nearly zero energy multi-family houses, for Cyprus. Procedia Environ
Sci 38:11-19. https://doi.org/10.1016/j.proenv.2017.03.068

Urban Europe, Smart Urban Isle. Accessed 23 May 2018. https://jpi-urbaneurope.eu/project/
smart-urban-isle/

. MECIT (2017) 4th National Action Plan for Energy Efficiency of Cyprus (in Greek), Nicosia.

http://www.mcit.gov.cy/mcit/EnergySe.nsf/All/EF97759 A9580E25EC22581C500345706/$fi
le/4AoEXAEA_19_09_17.pdf

. Akbari H, Pomerantz M, Taha H (2001) Cool surfaces and shade trees to reduce energy use and

improve air quality in urban areas. Sol Energy 70:295-310


https://doi.org/10.1016/j.egypro.2015.12.173
https://doi.org/10.1016/j.proenv.2017.03.068
https://jpi-urbaneurope.eu/project/smart-urban-isle/
https://jpi-urbaneurope.eu/project/smart-urban-isle/
http://www.mcit.gov.cy/mcit/EnergySe.nsf/All/EF97759A9580E25EC22581C500345706/$file/4οΕΣΔΕΑ_19_09_17.pdf
http://www.mcit.gov.cy/mcit/EnergySe.nsf/All/EF97759A9580E25EC22581C500345706/$file/4οΕΣΔΕΑ_19_09_17.pdf

Chapter 6

Plug&Play: Self-Sufficient Technological
Devices for Outdoor Spaces to Mitigate
the UHI Effect

Check for
updates

Alessandra Battisti, Flavia Laureti, and Giulia Volpicelli

6.1 Introduction

This contribution regards the technological innovation and the transformation of
outdoor spaces within the consolidated city where the theme of the research focuses
on environmental recovery practices and adaptation to climate change in the open
urban public space in the Mediterranean area.

In particular, certain innovative technologies are investigated, verifying their
effectiveness and impact on environmental sustainability within the urban tissue [1],
with the ultimate aim of ensuring the user’s thermo-hygrometric comfort. in line
with directions of “strategies for the adaptation to and mitigation of climate change”
defined by the Europe-ADAPT Platform (2012), URBACT III (2014-2020), and the
UHI Project (2011-2014), according to the directions of Target 20-20-20 and of the
Paris Agreement (COP21, 2015), ratification national law 204/2016 and UN
framework.

The research presented focuses on different tools for monitoring, mapping, and
modeling (Ecotect and Envimet software), probing the relationship between
morphology, urban microclimate, and well-being, and analyzing the relationship
between urban design and urban climatology at the micro, meso, and macro scales,
especially as regards the adoption of strategies to adapt to the climate and mitigate
the phenomenon of urban heat island (UHI) [2], particularly felt in Mediterranean
cities characterized by consolidated and dense historical urban tissues [3].

Furthermore, attention is focused on social aspects of urban quality, which,
especially in the Mediterranean area, are deeply linked to outdoor thermal comfort
[4], an area where spaces with good thermal-hygrometric well-being encourage
community living, promoting, where well-designed, urban identity and sociality
among the inhabitants.
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A further technical direction of ongoing transdisciplinary research [5] is on
materials, innovative technologies, and paving and covering components that
concern the relationship between morphological configuration of spaces,
characteristics of materials, comfort, and energy savings associated with them.

The importance of integrating the microclimatic analysis into a design phase for
a better understanding of the formal choices, configuration of the components of
urban design spaces, and technological choices is emphasized [6].

The aim is to bring greater awareness in urban redevelopment practices of open
spaces, in light of the current environmental and social crisis, and, through the in-depth
study of certain technologies, to test their effectiveness and open a broader reflection
on the energy flows of the outdoor space, on the behavior of materials, and on a prob-
able relationship (pattern) that binds material and surface in the in-between space [7].

By means of simulations in Envimet software, a comparative analysis between
two scenario solutions was done, taking into account mean radiant temperature,
relative humidity, wind velocity, and hydrological variables, in particular, in light of
the concept of energy redevelopment and the Italian scenario of the consolidated
and historical tissues. Simulations of a typical summer day in Rome La Sapienza
(15 July) were assessed to determine UHI reductions for two different scenarios
with roof and pavements realized in green or cool materials and with the use of
blue-green infrastructures, in order to evaluate pedestrians’ comfort levels and the
effectiveness of selected mitigation techniques for the investigated case.

The numerical simulation results confirm that an appropriate selection of pave-
ments and roof materials and green infrastructures contribute to the reduction of the
negative effects of UHI, but they cannot reduce the perceived temperature by more
than 4°. Therefore, to try to offer spaces of comfort and well-being, Plug&Play
systems with radiant panel floors and roofs have been designed, a sort of “well-
being urban islands” that can offer the inhabitants thermal comfort areas.

6.2 Case Study: La Sapienza

The case study chosen is the University City of La Sapienza of Rome (coordinates
41° 54'10.32” N 12° 30'51.72" E, 45m altitude), with a Mediterranean climate,
belonging to the dry-subtropical climate [8] with intermediate seasons, spring and
autumn, characterized by mild and warm temperatures and concentrated rainfall
during the months between November and April. The winter season is mild, while
the summer season is warm and humid, characterized by low rainfall.

The University City of La Sapienza of Rome (about 44 ha) is especially important
within the city of Rome for its cultural, historical, social, and architectural
significance [9]. Furthermore, it is located in the central district of San Lorenzo,
near the historic city center and close to the Roma Termini railway station and the
Verano Monumental Cemetery, which with its 83 ha means a coherent green area
for the microclimate of the district. Finally, the consolidated fabric of La Sapienza
represents a masterpiece of modern Italian architecture whose energy efficiency
must be improved as foreseen in the 20162021 University Strategic Plan [10].
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Over the period since the foundation (1938) of the University “La Sapienza” of
Rome to date, progressive expansion of the urbanized areas to its surroundings has
led to a strong acceleration of the soil sealing process, implemented with artificial
materials such as asphalt or concrete used for the construction of buildings and
settlement roads. The climate surveys show that around the city of studies in the last
50 years, the climate has become warmer due to the less vegetal transpiration and
evaporation and the wider waterproofed surfaces. In fact, despite the parts with
vegetal covering and their evapotranspiration, the heat produced by the air condi-
tioning in synergy with the city traffic and with the absorption of solar energy by
dark surfaces in asphalt and concrete contributes to the local climate changes of La
Sapienza, causing in summer the effect of “urban heat island” (UHI). The research
project took as its starting point the current condition of the building heritage of the
university campus by defining a framework of outdoor interventions aimed at trans-
forming it into a resilient university city, able to protect its inhabitants—students
and professors in charge of the work—the soil, and internal infrastructure from the
risks of the UHI [11]. The study focuses on two areas of the university: the central
avenue, Viale Piero Gobetti in the south-east area, which goes from the main
entrance of Piazzale Aldo Moro to Piazzale della Minerva (Fig. 6.1), where the Aula
Magna and the Rectorate are located. In the first instance, the materials that make
up the intermediate spaces of the built environment are analyzed, and then two dif-
ferent scenarios (Figs. 6.2 and 6.3) for the mitigation of the effect of the urban heat
island are developed through the design renovation of floors and building roofs with
cool materials [12], PCM, and thermal reflective materials in combination with
vegetation use, green infrastructure, and blue strategies, verifying through the
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Fig. 6.4 Comparative analysis between two scenario solutions

Envimet software the different microclimatic conditions and the external thermal
comfort of pedestrians in the ante operam scenario in comparison with the results
of two different scenarios proposed (Fig. 6.4).

6.3 Mitigation and Adaptation Measures

The solar radiation analysis of a typical summer day in Rome La Sapienza (15 July)
developed by Ecotect software shows many urban open spaces within the University
Campus exposed to direct solar radiation, especially at 2:00 p.m. It is important to
underline how the presence of a diffuse system of trees and vegetated area can
improve the shadow effect on pedestrian spaces, especially early in the morning
(8:00 a.m.) and during the evening (7:00 p.m.). Nevertheless, the effect of trees and
greenery is local, and their shadow patterns are not so relevant for what concerns
Piazzale della Minerva, whereas for the main central boulevard, Viale Gobetti,
where the presence of different tree typologies along the sideways must be consid-
ered a good solution for the ante operam condition, the initial configuration results
in a varied distribution of the overlapping shadows (Fig. 6.5).

In the ante operam scenario in Piazzale della Minerva, the Tair value distribution
shows a relevant presence of higher values (+31 °C) in those areas with higher SVF
and characterized by impervious and low albedo materials such as asphalt and por-
fid blocks in Viale Gobetti.
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The entrance to the central boulevard shows higher Tair values (+31 °C). The
presence of rows of trees has most likely a local effect for the Tair, whereas a better
performance can be observed for those areas shadowed by a building (Fig. 6.4).

Based on the existing knowledge thus, several questions concerning mitigation
and adaptation strategies for counteracting UHI and climate change risks have been
raised from this special urban design perspective [13]. In particular, in light of the
concept of energy redevelopment and the Italian scenario of the consolidated and
historical tissues, the historical heritage view, both as single building and as of dis-
trict network, seems to be an intriguing field of experimentation [14].

The present study aims to investigate among the numerous strategies, a meta-
design framework, in particular the two proposed scenarios that follow two criteria:
the minimal intervention and the combination of green-blue and smart material
technologies, in order to make urban open spaces more resilient to climate change
and UHI and increase thermal outdoor comfort for the creation of mixed and vibrant
public spaces [15].

The outdoor spaces were designed with the aim to promote the vitality and
sociality among students, and to this end, external spaces and rest areas have mor-
phological properties that favor psychophysical well-being.

In the proposed synergistic vision, the redevelopment intervention of the public
open space represents an activity that is incorporated by a very dense context renew-
ing itself through continuous contextual micro-decisions in spatially open areas,
according to a process of “urban acupuncture” [16]. The two different scenarios are
configured as a meticulous work of recombination and manipulation of paving, green
and water that allow to identify specific and flexible solutions oriented to well-being.

In order to mitigate climate change phenomena, the two proposed design sce-
narios among the geo-engineering-based solutions used high reflective materials,
also referred to as “cool materials” for their capacity to present low surface tempera-
tures, retro-reflective materials, and phase change materials (PCM) [17].

As second type of mitigation and adaptation measures, the two scenarios
(designed with different solutions and ratio in the two) present green infrastructures
that offer different benefits related to clean air, natural ventilation, and the
psychological effects. They comprise the increase of vegetated surfaces, such as
trees, green roofs, and green spaces.
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In addition, they include “urban blue spaces” based on the evaporative cooling.
Considering the minimal intervention measures for this historical context, there
were used spray fountains and water mist cooling systems. In particular, direct cool-
ing with mist is expected to relieve thermal stress through two main routes: reducing
the air temperature and light wetting of the skin with evaporation, both effects pro-
moted by the forced convection from the fan.

6.4 Plug&Play Systems

The numerical simulation results confirm that an appropriate selection of pavements
and roof materials and green infrastructures contribute to the reduction of the nega-
tive effects of UHI, but they cannot reduce the perceived temperature by more than
4° (Fig. 6.4).

In addition to the definition of a meta-design framework, the research proposes a
micro-architecture, self-sufficient from the energy point of view, able to contribute
to the mitigation of the UHI phenomenon, thanks to the creation of a functional
space serving the university community whose internal microclimate acts on
Universal Thermal Comfort Index (UTCI) values. This Thermal Active Plug&Play
system offers spaces of comfort and well-being in summer and winter with radiant
panel floors and ceilings, a sort of “well-being urban islands” that can offer the
inhabitants thermal comfort areas.

The architectural device is characterized by a smart floor or roof through which
the production and storage of electricity required for the operation of the air han-
dling system for heating and cooling of indoor spaces are ensured.

The integrated technological system, called Plug&Play islands, combines pas-
sive mitigation strategies such as shadowing and natural ventilation, with an electric
heating/cooling system powered entirely by a renewable energy source such as solar
radiation (Fig. 6.6).
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Fig. 6.6 Plug&Play self-sufficient island
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6.5 Conclusions

The integrated design of the technological system allows to locate the mechanical
components in the outer layer of the roof and on the floor, ensuring ease of installa-
tion, repair, and monitoring. In addition, the Thermal Active Plug&Play system
aims to expand the traditional concept of the roof and floor, from a simple barrier of
protection against atmospheric agents to an active device able to produce energy
and control indoor comfort. The micro-architecture proposed, thanks to the prefab-
rication and integration of the components, can be applied in different urban sce-
narios to ensure simple functionality (e.g., outdoor study spaces, info point, small
shops) and to provide thermal comfort. The benefits of Thermal Active Systems are
not just about energy saving and well-being but concern the concept of innovative
design of small buildings which are cost-effective and psychologically convenient
and represent a new flexible and durable model for a sustainable architecture.
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Chapter 7

Smart Homes and Regions as Building
Blocks for 100% Renewable Energy
Globally

Winfried Hoffmann

7.1 Introduction

Only a few years ago it was difficult to imagine a world powered 100% by renewables
only—not only electricity, but also all secondary energy needs, including
transportation, heating, and cooling, as well as industry needs. The major reason for
this was that the production cost for electricity from wind and solar was much too
high and electricity storage was not seen as an option at all. Only with large central-
ized solar concentrating systems together with hydrogen production (hydrogen
economy) or a worldwide distribution system (using high voltage DC current) a
renewably powered world was seen potentially possible in the long run.

Until today the energy world was top-down: few big and centralized power
stations produce the base load power which is transported with a high-voltage grid
network. Peak power stations provide the electricity needs for all consumers at any
time. This situation is shown in the left graph of Fig. 7.1. With the rapidly declining
cost per produced kWh from PV and wind, together with the push from the automo-
tive sector for Li-ion batteries which also results in a quick reduction of electricity
storage cost, there is now—including [oT (Internet of Things)—a new horizon
opening how to serve mankinds’ energy needs rather quickly. This enables a com-
plete new situation: the consumers become also producers of energy, and most of
the needs can be served locally; centralized systems—e.g., large off-shore wind
and/or big PV farms—are only needed for the energy intensive industries. This is
summarized in the right graph of Fig. 7.1.
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Fig. 7.1 Old top-down (left) and new bottom-up (right) energy world

7.2 Three Building Blocks

7.2.1 First Building Block - Smart Home

Individual houses, offices, and stores are seen as the first building block, where
on-site as much as possible renewable energy is produced by PV and together with
batteries (k-/MWh) self-consumption is as high as possible. With proper insulation
and heat pumps (also including thermal modules where appropriate), the heating
and cooling energy needs are minimized. This situation is summarized in Fig. 7.2.
The integration of a small battery increases significantly the self-consumption in
individual homes from ~20% without up to 80% (if an electric car is integrated) on
an annual basis. It is interesting to note that the battery not only shifts PV electricity
from the afternoon to the evening hours, but also can shift cheap night electricity -
as long as it is available - to the more expensive morning peaks as seen in Fig. 7.3.
Next step is the integration of adjacent buildings for exchanging energy. As the
number of communicating buildings increases, the self-consumption of the quartier
is also increasing and always higher than the sum of the individual homes. This
concept is already in place in Italy and Switzerland, and many others have still
bureaucratic hurdles for not allowing this useful and simple procedure.

7.2.2 Second Building Block - Smart Energy Region

The second building block is the municipal community which transforms their
territory into a smart energy region (Fig. 7.4). They will run in the nearby region
wind mills to leverage the seasonal variations from wind and solar. Also they
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Fig. 7.2 First building block consists of individual and adjacent smart homes (family houses,
offices, Small and Medium Enterprises (SMEs))
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Fig. 7.4 Second building block consists of smart energy regions

collect the surplus of not self-consumed electricity to store in larger battery systems
(M-/GWh) and redistribute in their area. A small rest of energy which can still not
be satisfied cost efficiently by the described steps can be provided by P2G (power to
gas), run by surplus of wind and PV electricity. The example of Germany, where
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150 energy regions have already firm plans to cover their energy needs by renew-
ables, only shows that beside the technological components, there are also political
will and support from many citizens that the described path is not an idea only but
already taken in reality.

7.2.3 Third Building Block - Smart Country

The third building block is the communication with adjacent municipalities/smart
energy regions first and on a national level the integration of powering the needs for
the big industries by renewables only. The result of this will be a smart country. As
shown for Germany, there are well-documented studies (e.g., from the Fraunhofer
ISE) which conclude that a renewable scenario for heat and electricity is (1) possi-
ble by 2050, (2) does not cost more than the business as usual case but offers much
more internal value-added, and—Ilast, but not least—(3) helps the planet to survive
without CO, emissions from transportation, electricity production, and heating and
cooling needs.

The three building blocks are summarized schematically in Fig. 7.5.

The three building blocks are complemented by GW-scale off-shore wind and/or
PV farms for energy-intensive industries (e.g., steel, aluminum, silicon) resulting in
a smart country.

In order to minimize the needed storage capacity for a region (or country), it is
important to have a locally dependent ratio of PV and wind systems installed. The
monthly variation for a unit power of PV and wind for Germany is shown in Fig. 7.6.
While in winter months there is high output for wind and low for PV, the situation
reverses in summer months. If we add the monthly power of wind and PV, there is
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Fig. 7.5 Third building block is characterized by communication between adjacent smart energy
regions
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Fig. 7.6 Average monthly grid feed-in of equal PV and wind power in Germany [1]

a balanced monthly power output throughout the year. The consequence is that we
do not need a seasonal storage but only a balance within a month. With one unit of
power (W), we produce one unit of energy (kWh) for PV and two units for wind.
Hence, the ~600 TWh electricity used today in Germany could be produced with
250 GW PV (=250 TWh) and 200 GW wind (=400 TWh). The surplus of 50 TWh
is foreseen to balance the losses for storage and P2G. In the future, when mobility
is also fuelled by electricity (or fuel made by electricity), these numbers may
increase by 50%, maximally double. The sun belt region worldwide, where most
people will live in the coming decades, will favor even more PV relative to wind,
due to the much less monthly variation and ~doubling of energy output for PV
(~2 KkWh/Wpy).

7.3 Economical Considerations

If the renewable world were only good for the environment but would be more
expensive compared to the traditional business as usual, it is sad to say that we then
would have to wait for quite some time—until the externalities like sea level rise,
heavier storms, etc., would dictate the change, unfortunately too late by then.
Fortunately, the cost development for the two major renewable technologies, wind
and PV, has demonstrated in recent years a dramatic decrease. It is often argued that
competitiveness of PV on-site generated electricity compared with grid electricity is
only reached with support measures like FiT (Feed-in Tariff), especially in countries
with minor sunshine like Germany (~1 kWh/Wyy). In the following, it is shown (see
Fig. 7.7) that in a situation as of today, the annual cost for electricity is not only
cheaper with a PV system with FiT compared with grid electricity but even more
when a battery is included. The benefit for the battery system increases further if an
annual increase for the grid electricity is assumed as indicated.
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Fig. 7.8 Annual cost for 9000 kWh household (a) only utility, (b) +PV (20% self-consumption),
and (c¢) +PV + batt (80% self-consumption); cases (b) and (¢) with FIT

This situation changes significantly if we assume a situation without FiT which
in Fig. 7.8 is taken arbitrarily in the year 2022. Here the PV system alone is more
expensive than grid electricity due to the assumed small 20% self-consumption. The
addition of a battery, however, demonstrates the clear advantage compared to grid
electricity: the annual cost is bisected if a realistic annual grid price increase is
considered.

Mass production driven by a phenomenal market growth at a global level has by
now proven that even without the inclusion of externalities, the levelized cost of
electricity (LCOE) for MW-sized PV systems is already today lower than new
nuclear and clean fossil. However, even for experts in the field, it is quite difficult to
calculate a market-based LCOE in order to be able to compare realistically different



7 Smart Homes and Regions as Building Blocks for 100% Renewable Energy Globally 75

45 Average €ct/kWh@
40 inflation rate pa [%]
35 29,1 €ct/kWh @ 2,5%
= 30
32 New nuclear
= (Hinkley Point, GB)
E 20 —— 17,4 €ct/kWh @ 1%
g 15 1=
= 10 New PV (100 MW scale)
blue Germany, green Middle East 3,7 €ct/kWh
5 \ 1,8 €ct/kWh
0 e—

1357 911131517192123252729313335
Time after start of operation [year]

Fig. 7.9 Average LCOEs for PV and new nuclear including inflation

Table 7.1 Boundary conditions for new nuclear and PV power plants

Base | Earliest Duration Initial price

year | delivery (years) (€ct/kWh) | Yearly inflation
2 x 1600 MW nuclear 2012|2029 35 12 [2] Yes
(Hinkley Point in GB)
~100 MW PV green-fieldin | 2018 | 2019 20 ~51[3] No
Germany (~1 kWh/Wpy)
~100 MW PV green-fieldin | 2018 | 2019 20 —2.5[4] Depending on
Middle East (~2 kWh/Wyy) contract

technologies. In recent years, a much easier cost number has evolved, the price for
a kWh electricity based on a power purchase agreement (PPA). In this case, the
investor for a new power plant (PV, wind, nuclear, or fossil) signs a contract with the
electricity receiving party (utility, SME, industrial company) with well-defined
boundary conditions: date of the contract, start of delivery, duration time, price for
a kWh electricity, and yearly adjustment for inflation to name the most prominent
ones. As the negotiation is done with experts from the respective field, the easy-to-
understand kWh price can be used effectively to compare different technologies.
This is done for PV and new nuclear as shown in Fig. 7.9 based on boundary condi-
tions summarized in Table 7.1. In the case of PV, it has been further assumed that
after the typical agreement for new PPAs of 20 years, there is at least another
10 years of “Golden Age.” This is based on warranty time for quality modules which
today is up to 30 years. Hence, if we take very conservatively a maintenance and
repair cost, including an additional inverter to meet increasing grid services, of
1 €ct/W in Germany (0.5 €ct/kWh in Middle East) for the third decade of producing
electricity, we arrive over the 30 year lifetime of a PV system at an average cost of
3.7 and 1.8 €ct/kWh for countries with German (~1 kWh/Wyy) or Near-/Middle
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East (~2 kWh/Wpy) insolation conditions, respectively. If these numbers are
compared with the average price for new nuclear electricity, which is between 17
and 29 €ct/kWh for an annual inflation rate of 1 and 2.5%, respectively, the true
competitiveness of solar is clearly seen: the addition of storage, which in the future
will be below 10 €ct/kWh, brings solar (and wind) away from the old obstacle of
being only an intermittent electricity source and is still well below the price for new
nuclear (where the price for high-voltage grid lines has also to be added).

The comparison with new clean fossil plants shows also the superior
competitiveness of new solar: if we consider CCS (carbon capture and storage),
there is widespread belief that the price for a kWh from such plants is way above
10 €ct. Alternatively, if we assume a carbon price of 50 €/t CO,, the production cost
has to be increased by 6 €ct/kWh for lignite plants, 4.5 €ct/kWh for hard coal, and
2 €ct/kWh for gas power stations. Many experts strongly advocate a carbon price of
more than 100 €/t in order to combat global warming.

7.4 Outlook

The countries which follow quickly the renewable path will demonstrate to those
continuing the traditional way using fossil and nuclear for electricity production and
oil for transportation that a replication makes most sense (1) economically, (2)
socially, and (3) from an energy security point of view. This will trigger the
transformation toward a 100% renewably powered world quicker as many expect
also on a global level.
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Chapter 8

Climate Change: An Overview of Potential
Health Impacts Associated with Climate
Change Environmental Driving Forces

Check for
updates

Jazla Fadda

8.1 Introduction

The climate is changing in a very quick manner, which needs effective responsive
actions. The global temperature is expected to rise above 2 °C, and that will lead to
serious environmental consequences causing serious health problems. Climate
change is a critical public health problem. It could make existing diseases becoming
worse, or else introducing new pests and pathogens into the environment. For exam-
ple, if planet warms, the sea level rises, and that leads to floods and drought. Heat
waves, rising sea-levels, changes in precipitation resulting in flooding and droughts,
intense hurricanes, and degraded air quality, affect directly and indirectly the physi-
cal, social, and psychological health of humans. Moreover, climate change can be a
driver of disease migration, as well as releasing of toxic air pollutants resulting in
many health problems. Climate change health outcomes will basically affect spe-
cific vulnerable groups: elders, children, and people with respiratory problems. That
would in return stress out the healthcare infrastructure and healthcare delivery sys-
tems, as people will seek more healthcare services. Strategies to mitigate and adapt
to climate change can prevent morbidity and mortality and protect the environment
and health of future generations. Such actions are basically related to mitigate emis-
sions of green houses and enhance the sinks that trap or remove carbon from the
atmosphere. Adaption with climate changes refers to lessening the impact on health
and the environment that cannot be prevented through mitigation, such as changes
in our public health and healthcare infrastructure.

Climate change is expected to cause approximately 250,000 additional deaths
per year between 2030 and 2050, approximately 87 million people were displaced
due to extreme weather events between 2008 and 2011. The World Health
Organization (WHO) reports that climate change is responsible for at least 150,000
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deaths per year, a number that is expected to double by 2030. The effects of global
warming will cause dire health consequences.

“The complex nature of climate change and its environmental and social manifestations
result in diverse risks to human health”

[1]. Climate change has many recent adverse health impacts and further projected
effects are anticipated in the upcoming future [2].

Human actions transformed one-third and one-half of the land surface, and since
the beginning of the Industrial Revolution, we have 30% increase of the carbon
dioxide concentration in the atmosphere. On the other hand, more than half of all
accessible surface fresh water is used by humanity, and about one-quarter of the bird
species on Earth have been driven to extinction. Therefore, we do believe that we
live on a human-dominated planet” [3].

The scale of environmental health problems has expanded from:

e Household (e.g., Indoor air pollution) to
¢ Neighborhood (domestic refuse) to

e Community (urban air pollution) to

e Regional (acid rain) to

e Global level (climate change).

8.2 The Review Procedures

8.2.1 Objectives

The main objective of the review is providing an overview of variety of evidence
related to the impact of climate change on physical, mental, and social health,
through the different environmental outcomes of climate change. Specifically, the
main sub-objectives of this paper are:

(a) To review the direct and indirect impact of climate change on health

(b) To provide evidence of climate change and related infectious diseases

(c) To highlight on the serious diseases correlated with climate extremes

(d) To provide an evidence for estimating disease burden and risk factors correlated
with climate change

(e) To review climate change health impacts on developing countries with more
focus on children

(f) To review climate change health impacts on Middle East and UAE

A literature review was used to generate a conceptual framework of the direct
and indirect effects of climate change, and how it can impact health directly and
indirectly depending on some vulnerability factors. The review was held to answer
the following questions:

e What are the direct and indirect effects of climate change on health?
e What are the climate change-related infectious diseases?
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* What are the serious diseases correlated with climate extremes?

*  What is the global and regional estimated disease burden of climate change?

* What are the climate change health impacts on developing countries with more
focus on children?

*  What are the climate change health impacts on Middle East and UAE?

A search has been conducted to generate variety of sources, using computerized
resources (Medline, Scopus, and pro-quest); different key words were used to syn-
thesize the inputs, such as climate change, impacts, direct effects, indirect effects,
infectious disease, flooding and health, drought and health, burden of disease, and
natural disasters.

About 249 search results were generated from the previous search engine, the
relevant studies were reviewed to match this paper questions to find the association
between climate change driving forces and the exact health impacts for each.

8.2.2 Inclusion and Exclusion Criteria

The paper reviews the studies and journal articles that address the climate change-
related mortality and morbidity, considering the local and regional and global
statistics.

This paper excludes the economic loss and financial expenditure correlated with
climate change direct and indirect effects and associated health impacts.

8.3 Literature Review and Key Findings

Global warming can result in many serious alterations to the environment, eventu-
ally impacting human health [4].

Global warming can result in many serious alterations to the environment, eventually impacting human health- 2%
Climate change Rise in sea level loss of coastal land

Change in precipitation patterns

Increased risks of droughts and floods

Biodiversity Adverse impact on human health
“Rises in temperature and sea level Extreme weather events:
Floods water logging and contamination diarrheal diseases (cholera)

Distribution of vector-borne diseases

Extreme weather events /Cyclones & floods Create ideal conditions for the spread of vector-borne like dengue and
diarrheal diseases such as cholera. % (%6
Increased average temperatures prolong peak periods for vector-borne diseases.

Temperature + Deficient health systems and resources Further alteration in communicable diseases
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According to WHO, climate change causes around 150,000 deaths worldwide
every year in low-income countries. Main causes of death are:

— Crop failure

— Malnutrition, floods

— Diarrheal diseases such as cholera
— Malaria

South-East Asia Region has 26% of the world’s population and 30% of the
world’s poor. Fourteen million deaths occur each year, and 40% are attributable to
communicable diseases, leading to higher burden of communicable diseases [6].

Main health impacts of global warming:

e Infectious diseases
Increase in temperature leads to increase in mosquito populations means higher
risk of malaria, dengue, and other insect-borne infections. Legionnaires’ dis-
eases and bacterial lung infection attacked UK in 2006. WHO states, “global
warming will also cause a major increase in insect-borne diseases in Europe.
Countries like Azerbaijan, Tajikistan, and Turkey might already be in the danger
zone for mosquito-borne malaria” [4]. Use of more technology to contain tem-
perature rise, such as p air conditioners and minimizing heat retention-based
constructions, besides the strong public health systems and infrastructure, will
prevent such outbreaks to happen.

* High temperatures lead to heat waves that strongly affect health. One study con-
ducted in UK at “Hadley Center for Climate Prediction and Research” showed
that the most common health of heat waves which will be fatal if not treated is
hyperthermia or heatstroke [4].

* Global warming strongly affects people with heart problems due to stressing
their cardiovascular system to keep their bodies cool. Furthermore, high tem-
peratures increase the ozone concentration that damage people’s lung tissue,
leading to complications for patients with asthma and other lung diseases.

* Food insecurity, in turn, can lead to resource conflicts due to the loss of basic
needs. “Climate change is an act of aggression by the rich against the poor,”
stated by Ugandan President Yoweri Museveni. According to IPCC report, by
2020, rising temperature will affect crop productivity and lead to food shortage,
impacting almost 75 million to 250 million people in Africa, and 130 million
people in Asia [4].

Figure 8.1 shows the Interrelationships between major types of global environ-
mental change, including climate change. Note that all impinge on human health
and—though not shown here explicitly—there are various interactive effects
between jointly acting environmental stresses. The diverse pathways by which
climate change affects health are the subjects of much of the remainder of this
volume [7]
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Fig. 8.1 Illustrates processes and pathways through which climate change influences human
health [1]

Climate change main diseases:

— Asthma, respiratory allergies, and airway diseases
— Cancer and CVD

— Vector-borne and zoonotic diseases

— Foodborne diseases and nutrition

— Mental health and stress-related disorders

— Neurological diseases and disorders

— Waterborne diseases

— Weather-related morbidity and mortality

8.3.1 Direct Impacts of Climate Changes on Health
8.3.1.1 Weather Extreme: (Heat Waves and Winter Cold)

Burning fossil fuels releases carbon dioxide (CO,) in higher concentration and leads
to rise in Earth’s temperature as a blanket trap in heat, which in turn distributes the
balance of the environment, such as changes in wind, moisture, and heat circulation
patterns [5].
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Health Impacts of Heat Waves

Weather extremes leading to dangerous health outcomes might be even fatal.

More hospital admissions for health-related illness, cardiovascular and respira-
tory disorders.

Heat stroke: when the body becomes unable to control its temperature.

Body temperature rises rapidly, the sweating mechanism fails, and the body can-
not cool down, causing death or permanent disability if emergency treatment is
not given.

Infants, the elderly, people with chronic diseases, low-income populations, and
outdoor workers have higher risk for heat-related illness.

Higher temperatures and respiratory problems are also linked. One reason is
because higher temperatures contribute to the buildup of harmful air pollutants [5].
In countries with a high level of excess winter mortality, such as the United
Kingdom, the beneficial impact may outweigh the detrimental [8, 9] (Fig. 8.2).

Increase in frequency and intensity of heat waves uplifts the risk of death and

serious illness, particularly in the older age groups, those with preexisting cardio-
respiratory diseases, and the urban poor. The effects of an increase in heat waves
often would be exacerbated by increased humidity and urban air pollution [10].
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Moreover, climate change has impact on thermal stress-related mortality in cities in
developing countries. Warmer winters and fewer cold spells will decrease cold-related
mortality in many temperate countries; sometimes, in the temperate zones, reduced
winter deaths probably would outnumber increased summer deaths [11].

The impact of heat wave events on mortality heat waves can kill. In July 1995, a
heat wave in Chicago, USA, caused 514 heat-related deaths (12 per 100,000 popula-
tion) and 3300 excess emergency admissions [12]. During heat waves, excess mor-
tality is greatest in the elderly and those with preexisting illness [13]. Much of this
excess mortality is due to cardiovascular, cerebrovascular, and respiratory disease.
A heat wave in India in June 1998 was estimated to have caused 2600 deaths over
10 weeks of high temperatures [14].

In the United States in 1994, 221 heat-related deaths were recorded, but only 101
(46%) were due to ambient weather conditions. Heat-related mortality due to
weather conditions was 2.7-3.7 per million population in the four highest reporting
states (Arizona, Arkansas, Kansas, and Missouri). Most of these deaths occurred in
the over-55 age group [15].

Rooney et al. estimated the excess mortality associated with the 1995 heat wave
in the United Kingdom [9]. Excess mortality occurred in England and Wales, and in
Greater London, during the 1995. An estimated 619 extra deaths (8.9% increase)
were observed relative to the expected number of deaths, based on the 31-day mov-
ing average for that period. Individual risk factors for dying in the heat wave were
identified: chronic illness, confined to bed, unable to care for themselves, isolated,
and without air conditioning. A comparison of mortality rates in three Illinois heat
waves (1966) found that women and white people were at more risk [16].

Winter Mortality

Death rates during winter are 10-25% higher than those in summer. The major
causes of winter death are cardiovascular, cerebrovascular, circulatory, and respira-
tory diseases [17, 18].

Annual outbreaks of winter diseases such as influenza, which have a large effect
on winter mortality rates, are not strongly associated with monthly winter tempera-
tures [11].

Sensitivity to cold weather (measured as the percentage increase in mortality per
1 °C change in temperature) is greater in warmer regions. Mortality increases to a
given fall in temperature in regions with warmer winters, in populations with less
home heating and where people wear lighter clothes [19].

The elderly (aged 75 and over) are particularly vulnerable to winter death, hav-
ing a winter excess of around 30%.

Excess winter mortality is an important problem in the United Kingdom where
there has been much debate about the role of poor housing, fuel poverty, and other
socioeconomic issues for the elderly population [20]. A small-area study found that
inadequate home heating and socioeconomic deprivation were the strongest inde-
pendent predictors of ward-level variation in excess winter death in England and
Wales [21].
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8.3.1.2 Extreme Events “Disasters”
Flooding

Floods can cause contamination of public water supplies with both bacteria and
parasites as surface discharge flows into rivers and reservoirs. Flood events and
windstorms where the actual deaths and injuries are directly caused by the event are
small compared to the problems that arise as a result, including deaths from com-
municable diseases and the economic losses sustained [22—-24].

Indirect effects are largely death and injuries from drowning and being swept
against hard objects. Local infrastructure damage to buildings and equipment
includes materials and supplies, flood damage to roads and transport, problems with
drainage and sewerage, and damage to water supply systems.

Diarrhea was the most common illness, followed by respiratory infection. Watery
diarrhea was the most common cause of death for all age groups under [24]. In
developed countries, both physical and disease risks from flooding are greatly
reduced by a well-maintained flood control and sanitation infrastructure and public
health measures, such as monitoring and surveillance activities to detect and control
outbreaks of infectious disease [24].

Ecuador and northern Peru experienced severe flooding and mudslides along the
coastal regions which severely damaged the local infrastructure. In Peru, 9.5% of
health facilities were damaged, including 2% of hospitals and 10% of other health
centers [24].

Mechanism of how above average rainfall can affect health

Description Potential health impacts
Hydrological | River/steam over |— Changes in mosquito abundance
tops its banks — Contamination of water surface
Social Property or crops |- Changes in mosquito abundance
damage — Contamination of water with fecal matter and rat urine
— (Leptospirosis)
Catastrophic | Floods cause >10 |- Contamination of water with fecal matter and rat urine
flood disaster | killed or >200 — Increased risk of respiratory and diarrheal diseases
affected people — Death due to drowning
Government called | — Injuries health effects
for external — Population displacement
assistance — Loss of food supply
— Psychological impacts

Drought

Droughts can increase the concentration of pathogens in the limited water supplies.
A reduction in the availability of clean water increases the risk of drinking contami-
nated supplies and reduces the amount of water available for personal hygiene, thus
leading to skin infections [25].
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Floods and droughts are each associated with an increased risk of diarrheal dis-
eases. Bacterial infections such as cholera and typhoid, bacteria such as cryptospo-
ridium, E. coli, giardia, and shigella, and viruses such as hepatitis A cause diarrhea.
Outbreaks of cryptosporidiosis, giardia [25, 26].

The health impacts of drought:

— Lack of food production leads to famine.

— Malnutrition and diseases resulting from malnutrition.

— Malnutrition increases susceptibility to infection.

— Adverse environmental conditions and political, environmental, or economic cri-
ses can trigger a collapse in the food marketing system—famine and conflicts.

— Lack of hygiene increases the risk of diarrheal diseases (due to fecal
contamination).

— Water washed diseases (trachoma, scabies).

Outbreaks of malaria can occur due to changes in vector breeding sites [27, 28].

Mechanism of how below-average rainfall can affect health

Type of effect | Description Potential health impacts
Meteorological |- Evaporation exceed — Changes in vector abundance
water absorption — Vector breeds in dried up river beds
— Soil moisture decreases
— Several indices
developed ex: palmer
Agriculture — Drought severity index |— Depends of other sources of food
— Drier conditions lead to |-~ Food shortage illness
less crop production — Malnutrition
— Increase risk of infections
— Increased risk of lack of water and hygiene.
Social Reduction of food supply — Contamination of water with fecal matter

Reduction of water supply
Poor water quality

and rat urine

Increased risk of respiratory and diarrheal
diseases

Death due to drowning

Injuries health effects

Population displacement

Loss of food supply

Psychological impacts

Food shortage
Famine/Drought
Disaster

Death due to food shortage
>10 killed or >200 affected
Government call for
external assistance

Deaths caused by starvation

Malnutrition

Increased risk of infections

Health impacts associated with displacement

Ref: Geneva, Switzerland, World Health Organization 1998 [29]
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The Health Impacts of Natural Disasters

Besides direct impacts of natural disasters such as death, injury, and morbidity, cli-
mate natural disasters can affect health indirectly through:

* Loss of shelter; population displacement and overcrowding; and increases in
respiratory and diarrheal diseases due to crowding of survivors, often with lim-
ited shelter and access to potable water. Many studies have shown the association
between dampness correlated with flooding and a variety of respiratory symp-
toms. A Canadian study found that flooding was linked significantly with child-
hood experience of cough, wheeze, asthma, bronchitis, chest illness, upper
respiratory symptoms, eye irritation, and non-respiratory symptoms [30].

* Contamination of water supplies; increased risk of water-related and infectious
diseases due to disruption of water supply or sewage systems.

* Loss of food production (leading to hunger and malnutrition); decreases in nutri-
tional status, especially in children.

e Increased risk of infectious disease epidemics (including diarrheal and respira-
tory diseases).

* Damage to infrastructure for provision of health services.

* Ecological change leads to vector-borne diseases.

e Impairment of the public health infrastructure, psychological and social effects,
and reduced access to healthcare services, Release and dissemination of danger-
ous chemicals from storage sites and waste disposal sites into flood waters [31].

* Floods also cause psychological morbidity. Following flooding in Bristol, UK,
primary care attendance rose by 53% and referrals and admissions to hospitals
more than doubled [32], and also psychological effects were found following
floods in Brisbane, Australia, in 1974 [33]. Moreover, further psychological
symptoms and post-traumatic stress disorder, including 50 flood-linked suicides,
were reported in the 2 months following the major floods in Poland in 1997 [34].

8.3.1.3 Forest Fires

e The direct effects of fires on human health are burns and smoke inhalation.

* Loss of vegetation on slopes may lead to soil erosion and increased risk of land-
slides, especially when an urban population expands into surrounding hilly and
wooded areas.

e Air pollution is linked to increased mortality and morbidity in susceptible
persons.

* Risk of hospital and emergency admissions.

* Assessments are being undertaken of the short-term impacts on mortality and
morbidity associated with the 1997 El Nifio episode.

» Forest fires lead to short- and long-term effects due to exposure to air pollution,
acute respiratory infections, death from chronic diseases. Long-term effects are
related to carcinogenic components such as polycyclic aromatic hydrocarbon,
whose effect appears after few years [35, 36].
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8.3.1.4 Sea Level Rise

Rising seas means rising health risks, flooding and storm are associated with sea
level rise projecting direct and indirect risks. The direct health risks are those asso-
ciated with drowning, injury, and displacement. The indirect risks are associated
with the intrusion of saltwater into fresh water of groundwater basins and well
water. That entails the reduction of crop yields and safe drinking water and increases
the risk of vector-borne and diarrheal disease. Coastal flooding and storms are also
associated with indoor mold due to dampness, which in turn will be a risk factor of
related respiratory disease.

Moreover, rising in sea levels affect coastal tourism and then the economic sta-
tus. In California, losses in coastal tourism could cost California beach communities
many thousands of jobs and hundreds of millions of dollars. 260,000 people and
$50 billion are now at risk for a 100-year flood [37].

If population, development, and climate change stay on track, by 2100 those
numbers will nearly double, with 480,000 people and $100 billion in property at
risk [37].

8.3.2 Indirect Impacts of Climate Changes on Health
8.3.2.1 Climate Change and Air Quality

Air pollution influences the transportation of air-borne pollutants, pollen produc-
tion, and levels of fossil fuel pollutants resulting from household heating and energy
demands. Aeroallergens Experimental research has shown that doubling CO; levels
from about 300 to 600 ppm induces a fourfold increase in the production of ragweed
pollen [38, 39].

How climate change impacts air quality:

e Higher temperatures lead to an increase in allergens and harmful air pollutants.

* Longer warm seasons can mean longer pollen seasons,

* Increased allergic sensitizations and asthma episodes, and diminished productive
work and school days.

e Higher temperatures associated with climate change can also lead to an increase
in ozone, a harmful air pollutant, which increases the concentration of ground
level ozone as well [40]. The potential health consequences of stratospheric
ozone depletion are increase in incidence of skin cancer in fair-skinned popula-
tions and eye lesions such as cataracts [41].

e Climate change increases the risks of forest fires and associated smoke hazards,
associated with increases in respiratory and eye symptoms, acute (or sudden
onset) respiratory illness, respiratory and cardiovascular hospitalizations, and
lung illnesses [42].
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8.3.2.2 Climate Change and Water Quality

Higher sea surface temperature which occurs due to high temperature leads to
more hospitable environment for some harmful algae and other microbes to grow.
Warmer waters and flood conditions introduce some of the public health concerns.

* Group of diseases caused by bacteria such as cholera and typhoid as well as
parasitic diseases such as amoebiasis, giardiasis, and cryptosporidium.

e Vibrio parahaemolyticus: diarrheal illnesses linked with consuming raw or
undercooked oysters.

 Vibrio vulnificus causes vomiting, diarrhea, and abdominal pain associated with
seafood-related deaths in healthy adults.

* Naegleria fowleri (sometimes referred to as a “brain-eating ameba”) is a
microbe that can be present in soil and warm freshwater. It usually infects peo-
ple when contaminated water enters the body through the nose. Changes in sur-
face water quality and quantity are likely to affect the incidence of diarrheal
diseases [43].

Climate can increase directly the amount of pathogen in the water through
increasing the biotic reservoir of the infectious agent (cholera) or by decreasing the
amount of water in a river or a pond and thus raising concentration of the bacteria
(typhoid). Infections with cholera and typhoid bacteria are dependent on the con-
centration of the pathogens in water or food. Currently the World Health Organization
(WHO) estimates more than one billion people worldwide to be without access to
safe drinking water, and that every year approximately 1.7 million die prematurely
because they do not have access to safe drinking water and sanitation [44].

Effects of social and economic disruptions: In some settings, the impacts of cli-
mate change may cause severe social disruptions; local economic decline and popu-
lation displacement lead to both physical and mental health problems [45]
(Table 8.1).

Rainfall and diseases spread by insect vectors which breed in water, depending
on surface water availability. Main species of interest are mosquitoes, which spread
malaria and viral diseases such as dengue and yellow fever.

There are complex relationships between human health and water quality, water
quantity, sanitation, and hygiene. Increases in water stress are projected under cli-
mate change. Heavy rainfall events can transport terrestrial microbiological agents
into drinking-water sources resulting in outbreaks of cryptosporidiosis, giardiasis,
amoebiasis, typhoid, and other infections [26, 46—438].

Recent evidence indicates that copepod zooplankton provide a marine reser-
voir for the cholera pathogen and thereby facilitate its long-term persistence and
disseminated spread to human consumers via the marine food web. Cholera epi-
demics are also associated with positive surface temperature anomalies in coastal
and inland lake waters [49]. An association between drinking water pollution
and gastrointestinal illness has been reported [50]. Disease outbreaks in the
United States has shown that about half were significantly associated with
extreme rainfall [51].
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Table 8.1 Water and food-borne agents: connection to climate

Food- Indirect Direct

Pathogen borne Water-borne | weather weather

groups Pathogenic agent agents agents effect effect

Viruses Enteric viruses (e.g. | Shellfish | Groundwater | Storms can | Survival
hepatitis A virus, increase increases at
Coxsackie B virus) transport reduced

from faecal |temperatures
and waste and sunlight
water (ultraviolet)?
sources

Bacteria Vibrio (e.g. V. Shellfish | Recreational, | Enhanced Salinity and

Cyanobacteria | vulnificus, wound zooplankton | temperature

Dinoflagellates | V. Parahaemolyticus, infections blooms associated
V. cholerae non-01; with growth
Anabaena spp., in marine
Gymnodinium, environment
Pseydibutzschia spp.)

Protozoa Enteric protozoa (e.g. | Fruitand | Recreational | Storms can | Temperature
Cyclospora, vegetables | and drinking | increase associated
Crytosporidium) water transport with

from faecal | maturation
and waste and

water infectivity of
sources. Cyclospora

Source: Reproduced from Ref. [20]
*Also applies to bacteria and protozoa

8.3.2.3 Climate Change and Ecological Change

Climate change affects physical factors such as temperature, precipitation, humid-
ity, surface water, and wind and biotic factors such as vegetation, host species, pred-
ators, competitors, parasites, and human interventions.

Climate Change and Vector-Borne Diseases

Higher temperatures in combination with conducive patterns of rainfall and surface
water, climate variability, and poor public health infrastructure would alter the geo-
graphical range and seasonality of distribution of vector organisms (e.g., malarial
mosquitoes) [52]. Alternatively, a change in ecology of the natural predators may
affect mosquito vector dynamics; mosquito populations recover more quickly than
their predator populations following a dry year. Temperature-related changes in the
life-cycle dynamics of both the vector species and the pathogenic organisms (flukes,
protozoa, bacteria, and viruses) would increase the potential transmission of many
vector-borne diseases such as malaria (mosquito), dengue fever (mosquito), and
leishmaniasis (sand-fly)—although schistosomiasis (water-snail) may undergo a net
decrease in response to climate change [53, 54].
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How temperature affects Vector population:

» Temperature reduces the time taken for vector populations to breed.

* Increases in temperature also decrease the incubation period of the pathogen
(e.g., malaria parasite, dengue, or yellow fever virus), meaning that vectors
become infectious more quickly [55].

* However, hot, dry conditions can reduce the lifetime of mosquitoes.

e Temperature also may affect the behavior of the vector and human populations,
affecting the probability of transmission.

*  Warmer temperatures tend to increase biting behavior of the vector and produce
smaller adults which may require multiple blood meals to reproduce.

Climate change and transmission of vector-borne diseases include:

— Survival and reproduction rate of the vector
— Time of year and level of vector activity, specifically the biting rate
— Rate of development and reproduction of the pathogen within the vector

The most influential climatic factors for vector-borne diseases include:

e Temperature and precipitation.

* Sea level elevation.

* Wind and daylight duration are additional important considerations.

* Extreme temperatures often are lethal to the survival of disease-causing patho-
gens but incremental changes in temperature may exert varying effects.

* A vector lives in an environment of low mean temperature; a small increase in
temperature may result in increased development, incubation, and replication of
the pathogen [56, 57].

* Temperature may modify the growth of disease-carrying vectors by altering their
biting rates, as well as affect vector population dynamics and alter the rate at
which they contact humans. Finally, a shift in temperature regime can alter the
length of the transmission season [58].

* Disease-carrying vectors may adapt to changes in temperature by changing geo-
graphical distribution. An emergence of malaria in the cooler climates of the
African highlands may be a result of the mosquito vector shifting habitats to
cope with increased ambient air temperatures [59].

* Another possibility is that vectors undergo an evolutionary response to adapt to
increasing temperatures [60].

Types of Vector-borne diseases influenced by climate change:

* Ticks, their animal hosts (deer), tick-borne diseases ex; encephalitis.

* Lyme disease caused by bacteria “borrelia type” spread by ticks.

*  West Nile virus has no medications or vaccines to prevent, recovery takes weeks
or months.

e Dengue.

e Leishmaniasis [5].
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“Climate change scenarios over the coming century would cause a small net

increase in the proportion of the world population living in regions of potential
transmission of malaria and dengue” [61-63].

Malaria Status in the World

Currently 40% of the world population lives in areas in which endemic malaria
occurs.

Over 2.5 billion people are at risk, and there are estimated to be 0.5 billion cases
and more than 1 million deaths from malaria per year [29].

Malaria incidence is influenced by the effectiveness of public health infrastruc-
ture, insecticide and drug resistance, human population growth, immunity, travel,
land-use change, and climate factors.

Very high temperatures are lethal to the mosquito and the parasite and malaria
transmission would therefore decrease.

At low temperatures a small increase in temperature can greatly increase the risk
of malaria transmission [56].

Malaria’s sensitivity to climate is illustrated in desert and highland fringe
areas where rainfall and temperature, respectively, are critical parameters for dis-
ease transmission [64].

Also, drought may reduce malaria transmission resulting in a reduction in herd
immunity in the human population. Therefore, in the subsequent year the size of
the vulnerable population is increased [65].

Famine conditions may have contributed to excess mortality during historical
epidemics of malaria.

Drought-breaking rains increased vector abundance, exacerbated by population
movement and the concentration of people in feeding camps [66].

Drought in the previous years has been identified as a factor contributing to

increased malaria mortality. There are several possible reasons for this relation-
ship. Drought-related malnutrition may increase an individual’s susceptibility to
infection [67].

Dengue

Dengue is the most important arboviral disease of humans, occurring in tropical
and subtropical regions worldwide, and an increasing urban health problem in
tropical countries. The main vectors of dengue are the domesticated mosquito
Aedes aegypti and Aedes albopictus. They breed in urban environments in artifi-
cial containers that hold water. The latter can tolerate colder temperatures and
spread because of ineffective vector and disease surveillance; inadequate public
health infrastructure; population growth; unplanned and uncontrolled urbaniza-
tion; and increased travel [68]. Dengue is seasonal and usually associated with
warmer, more humid weather.

There is evidence that increased rainfall in many locations can affect the vec-
tor density and transmission potential. ENSO may act indirectly by causing
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changes in water storage practices brought about by disruption of regular sup-
plies. A study of dengue in Viet Nam found that the number of cases increased in
El Nifio years [69]. Many countries in Asia experienced an unusually high level
of dengue and dengue hemorrhagic fever in 1998, some of which may be attrib-
utable to El Nifio-related weather [55].

Climate Change and Zoonotic Diseases

Hantavirus is naturally maintained in rodent reservoirs and can be transmitted to
humans at times of increased local abundance of the reservoir [70]. Rabies is another
directly transmitted zoonosis that naturally infects small mammals, although with
very little opportunity for widespread transmission, being highly pathogenic to its
vertebrate host [71]. TB and HIV originally emerged from animals as well.

Climate Change and Rodent-Borne Diseases

* Rodent-borne diseases associated with flooding include leptospirosis, tularemia,
and viral hemorrhagic diseases.

e Other diseases associated with rodents and ticks include plague, Lyme disease,
tick-borne encephalitis (TBE), and hantavirus pulmonary syndrome (HPS).

* Rodent populations have been shown to increase in temperate regions following
mild wet winters [72].

* One study found that human plague cases in New Mexico occurred more fre-
quently following winter-spring periods with above-average precipitation [70].

* These conditions may increase food sources for rodents and promote breeding of
flea populations.

* Infection by hantaviruses mainly occurs from inhalation of airborne particles
from rodent excreta.

* The emergence of the disease hantavirus pulmonary syndrome in the early 1990s
in the southern United States has been linked to changes in local rodent density
[73,74].

Drought conditions had reduced populations of the rodents’ natural predators;
subsequent high rainfall increased food availability in the form of insects and nuts.

* Above-average precipitation during the winter and spring of 1992-1993 may
have increased rodent populations and thereby increased contact between rodents
and humans and viral transmission [75].

8.3.2.4 Climate Change and Social Factor

Climate change will have mixed effects on food production globally. Most of the
research to date has focused on cereal grain production—an important indicator of
total food production, since it accounts for around 70% of global food energy.
The probability of reduced food yields is, in general, greatest in developing coun-
tries where it is estimated that approximately 790 million people currently are
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undernourished. Populations in isolated areas with poor access to markets will be
particularly vulnerable to local decreases or disruptions of food supply [76].

There is a web of interactions between ecosystems, climate, and human societ-
ies, which influences the occurrence of infections health infrastructure, poor water
and sanitation, overcrowding, and lack of shelter. Communicable diseases are
related to social factors like and limiting social development as well [77]. Social
factors that increase possibilities of communicable diseases are population growth,
urbanization, changes in land use and agricultural practices, deforestation, interna-
tional travel, and breakdown in public health infrastructure [78].

8.3.3 Climate Change-Related Infectious Diseases (Emerging
and Remerging of Infectious Diseases)

Climate is one of several important factors influencing the incidence of infectious
diseases, like the non-climatic factors such as

¢ Sociodemographic influences such as human migration and transportation

* Drug resistance and nutrition

» Environmental influences such as deforestation, agricultural development, water
projects, and urbanization

Classification of infectious diseases:

¢ By mode of transmission:

Spread directly from person to person through direct contact or droplet exposure,
indirectly through an intervening vector organism—biological (mosquito or
tick) or non-biological physical vehicle (soil or water).

* By Infectious agent: (protozoa, bacteria, viruses, etc.).

¢ By reservoir.

e Anthroponoses (Human reservoir) is a class of diseases defined by pathogen
transmission between two human hosts by either a physical vehicle (soil) or a
biological vector (tick) (Fig. 8.3).

These diseases require three components for a complete transmission cycle:
the pathogen, the physical vehicle or biological vector, and the human host.

Most vectors require a blood meal from the vertebrate host to sustain life and
reproduce and are transmitted between human hosts by vector organism (mos-
quitoes, ticks, sandflies, etc.) vectors (vector-borne disease).

e Zoonoses (animal reservoir).

Question related to infectious diseases

— How climatic variations or trends affect the occurrence of infectious diseases?

— Isthere any evidence that infectious diseases have changed their prevalence in
ways that are reasonably attributable to climate change?

— How future scenarios of different climatic conditions will affect the transmis-
sibility of infectious diseases?
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Anthroponoses
Direct transmission Indirect transmission
HUMANS 2~ HUMANS <\
YECTONYEIRCLE VECTOR/VEHICLE
HUMANS NP HUMANS
Zoonoses
ANIMALS 7~ ANIMALS <\
VECTOR/VEHICLE

VECTOR/VEHICLE

ANIMALS » ANIMALS  w™
\

v

HUMANS

HUMANS

Fig. 8.3 Four main types of transmission cycle for infectious diseases (Source: reproduced from
Ref. [3]; Wilson, M.L. (2001). Ecology and infectious disease. In: Ecosystem change and public
health: a global perspective)

Clinicians are concerned with clinical manifestation to treatment of infected
patients.

Microbiologists are concerned with characteristics of the microorganisms, such
as viral or bacterial.

Epidemiologists are concerned with mode of transmission of the pathogen and
its natural reservoir, to control spread and outbreaks [79].

How climate change affects reservoir:

Agents are spread naturally among animal reservoirs and the infection of humans
is a result of an accidental human encounter. The persistence of these pathogens in
nature is largely dependent on the interaction of the animal reservoir and external
environment which can impact the rate of transmission, host immunity, rate of
reproduction, and species death, rendering these diseases more susceptible to effects
of climate variability.

Climate affects transmission cycles that require a vector or non-human host
and such diseases are more susceptible to external environmental influences than
those diseases which include only the pathogen and human.

8.3.3.1 Climate Sensitivity of Infectious Disease and Seasonality
of Infectious Disease

Winter mortality and infectious disease using the example of cyclic influenza out-
breaks occurring in the late fall, winter and early spring in North America. This
disease pattern may result from increased likelihood of transmission due to indirect
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social or behavioral adaptations to the cold weather such as crowding indoors.
Another possibility is that it may be attributed directly to pathogen sensitivities to
climatic factors such as humidity. Epidemics of other infections (e.g., meningococ-
cal meningitis) tend to erupt during the hot and dry season and subside soon after
the beginning of the rainy season in sub-Saharan Africa [80].

Seasonal fluctuations of infectious disease occurrence imply an association with
climatic factors. However, to prove a causal link to climate, non-climatic factors
must be considered. Furthermore, to assess long-term climate influences on disease
trends, data must span numerous seasons and utilize proper statistics to account for
seasonal fluctuations.

Temperature and fluid levels of those agent and organisms are affected by local
climate. Incubation time of a vector-borne infective agent within its vector organism
is typically very sensitive to changes in temperature, level of precipitation, sea level
elevation, wind, and duration of sunlight.

8.3.4 Climate Change Estimated Burden of Disease

The burden of disease refers to the total amount of premature death and morbidity
within the population [1]. DALY can be considered one lost year of “healthy” life.
The sum of DALY in a population, or the burden of disease, can be considered a
measure of the gap between current health status and an ideal health situation in
which the entire population lives to an advanced age, free of disease and disability
[81]. DALY’s = years of life lost due to premature death (YLL) “using standard
units of health deficit” + years of life lived with disability (YLD) “Considering the
severity/disability and duration of the health deficit” [1] (Tables 8.2 and 8.3).

Table 8.2 Estimates for the impact of climate change in 2000 in thousands of DALYs, given by
applying the relative risk estimates for 2000 to the DALY burdens for specific diseases quoted in
the World Health Report (2002) [2]

Total DALY's/
Malnutrition | Diarrhoea | Malaria | Floods | Total | million population

African region 616 414 860 4 1894 | 3071.5
Eastern Mediterranean 313 291 112 52 768 | 1586.5

region

Latin American and 0 17 3 72 92 | 188.5
Caribbean region

South-East Asian region | 1918 640 0 14 2572 | 1703.5
Western Pacific region® 0 89 43 37 169 | 1114
Developed countries® 0 0 0 8 8 8.9

World 2847 1460 1018 192 5517 @ 9203

4 Without developed countries
> Cuba
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The three main categories, with sub-conditions, are:

e Health impacts of extreme weather events, including heat-waves, cold-waves,
floods, and windstorms

» Respiratory diseases, related to ground-level ozone, particulate matter and
allergens

* Infectious diseases, including vector-borne, waterborne, and foodborne diseases

Disease is then described by incidence or prevalence:

» Disease incidence = new cases per year, usually acute health conditions
* Disease prevalence = cases that tend to last longer or are underlying conditions
that are never or rarely treated (e.g., malnutrition)

“Current disease burdens may be lower in the future not because of climate adap-
tation or response measures but due to a strengthened health system and greater
resilience to the impacts of climate change” [81].

Estimating disease burden and risk factors correlated with climate change
(climate change-related diseases are illustrated in Appendices 1 and 2)

World Health Organization quantified the amount of premature morbidity and mor-
tality due to a range of risk factors, including climate change. In the year 2000, cli-
mate change is estimated to have caused the loss of over 150,000 lives and 5,500,000
DALYs (0.3% of deaths and 0.4% of DALYs, respectively) [7, 83]. The World
Health Organization (WHO) estimates that every year about 150,000 deaths occur
worldwide in low-income countries due to adverse effects of climate change, mal-
nutrition, floods, diarrheal diseases, and malaria. This is due to the limited financial
and human capacity to respond to the impacts of climate change. FAO estimates that
by 2030, up to 122 million more people could be forced into extreme poverty
because of climate change—many of them women [81].

8.3.5 Climate Change Health Impacts in Developing Countries

The characteristics of developing countries:

* Limited social safety nets

* Widespread poverty

* Fragile healthcare systems

*  Weaker governmental institutions

e Weaker institutional structures

e Weaker infrastructure

* Higher birth rates

* High ratio of children to adults

* More children are at risk there than in the developed world

e Less-adequate health systems may make it harder to mitigate the effects of
temperature
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* Have warmer climates than richer ones do

* Temperature changes may affect health and agriculture more severely

* Developing countries are likely to face a disproportional share of extreme
changes in weather

* Energy infrastructure lags

e Weaker labor and credit markets, which may make it hard for families to adapt to
losses caused by climate change not have enough funds to sustain the family and
invest in agricultural inputs, such as seeds and fertilizer, for the following year

Response to climate change: developing countries vs. developed countries:
Developing countries still depend primarily on agriculture as a source of income;
excessive heat or rain will reduce crop production and then directly threaten the
livelihoods of developing-country families and their ability to feed their children. In
developed countries, electrification and greater access to healthcare have greatly
reduced mortality from heat [84, 85]. Moreover, developed countries can get loans,
for healthcare, compared with developing countries who have limited access to
banks and formal financing; loans may be unavailable. In developing countries fam-
ilies might not only lose income from the crop loss and further sustained losses of
income as they can’t invest in future production. Government safety net programs
may offer emergency help, but again, such programs are more limited in the poorest
countries [86].

8.3.5.1 Climate Change Impacts on Children in Developing Countries

In developing countries, children who are physically weaker and less tolerable to
heat are likely to face the following:

— More severe threats from both air and water pollution

— Vulnerability to infectious and parasitic diseases carried by insects or contami-
nated water; triggered by climate change by environmental factors, entails dis-
placement, migration, and violence, entails

Environmental factors affecting through pregnancy and early childhood have
negative outcomes in adulthood. “Healthier children grow into healthier, wealthier,
and more educated adults” [87].

How Climate Change Affects Children’s Health in Poor Countries:

Climate change is likely to exacerbate conditions that bring forth infections and
parasites, threatening health of children in poor nations. Children can be exposed to
vector-borne illnesses such as malaria that are transmitted by insects and other
pests. New health threats emerge from disturbed ecosystems such as skin cancer
[86]. Infant mortality rate is a leading indicator of child health and access to health-
care. In 2013, the infant mortality rate was ten times higher in low-income countries
than it was in wealthy ones: 53 vs. 5.3 deaths per 1000 births, respectively. In poor
countries [86] (Table 8.4).



8 Climate Change: An Overview of Potential Health Impacts Associated with Climate... 99

Table 8.4 Top causes of death among children under five (2012)

WHO Africa Region WHO Southeast Asia Region United States

Acute lower respiratory Prematurity (25.2%) Congenital anomalies (19.4%)

infections (15.9%)

Malaria (14.7%) Acute lower respiratory Prematurity (15.0%)
infections (14.1%)

Prematurity (12.3%) Birth asphayxia and birth trauma | Accidents/unintentional
(11.4%) injuries (9.0%)

Birth asphyxia and birth Diarrheal diseases (9.8%) Sudden infant death syndrome

trauma (10.9%) (6.0%)

Diarrheal diseases (10.3%) | Other communicable perinatal, Maternal pregnancy
and nutritional conditions (8.5%) | complications (5.4%)

Note: WHO is the World Health Organization
World Health Organization, “Global Health Observatory Data Repository” [88]

Direct Effects of Climate Change on Children in Developing Countries

Effect of Hot Days

Developing countries will see a disproportional rise in warm days (defined as days
above 30 °C, or 86 °F). Hot days and heat waves can directly affect children’s health
through increases in rashes, heat exhaustion, temporary loss of consciousness (syn-
cope), and heat stroke [86].

The additional warm day affects children mortality seven times greater in rural
areas of developing countries than it is in the United States. This would be attributed
to technologies that are unavailable to most people in the developing world.

Effect of Water Shortage

Climate change will lead to an increase in water shortages, which means less and
lower-quality drinking water, and spending more time and money to collect water
from sources farther from their homes [89], and causes further cases of diarrhea [90].

Climate Change and Infections

Healthcare, sanitation, and pest control can reduce human vulnerability to infec-
tions and vector-borne diseases. However, they are still among the primary killers of
children in developing countries.

 Infections Short Run Effects:

Heavy rainfall, flooding, and rising water temperature cause an increase in
heavy precipitation leading to cholera outbreaks [91, 92]. According to UNICEF
large population of children are vulnerable (about 1 in 10 experienced cholera in
2012) [93].

* Infections Long-Run Effects:

Parasitic diseases have long-term effects on health, schooling, then future

income. 25% reduction in moderate to heavy infections of intestinal worms
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(such as hookworm, roundworm, whipworm, and the worms that cause schisto-
somiasis) reduced school absenteeism by one-fourth and had long-run impacts
on adult outcomes [94, 95].

Vector-Borne Diseases

The optimal incubation temperature for the malaria parasite is likely to be exceeded,
as many of the insects transmit malaria to human’s nurture in warm night and winter
temperatures [96]. Malaria, dengue, and other vector-borne illnesses will expand to
previously unaffected areas that will become suitable habitats for malaria transmit-
ting insects [97, 98] and will affect particularly people whose immune systems have
never been exposed to such parasites.

Impacts of Flooding and Natural Disaster

Children in developing countries are more impacted with flooding and natural disas-
ters for these reasons:

— First, climate change will make extreme precipitation near the centers of tropical
cyclones on poor regions.

— Second, mortality rates due to disasters, such as floods and windstorms, are much
higher in low-income countries compared with high-income countries.

— Third, lack of complete credit and insurance markets. Few people have private
insurance that can’t cover to rebuild or resettle after a disaster.

— Fourth, poorly functioning credit markets make it difficult to borrow funds.
International aid can help, but again the limited institutional capacity and infra-
structure hurdle the response to human needs [99].

Research shows that income growth can initially increase the death toll from
environmental disasters. However, even with the increase of per capita incomes to
$5000 in the next few decades, we’ll witness a peak of vulnerability to environmen-
tal disasters at a time when such disasters become more common [100].

Impact of Air Pollution

Increased drought leads to uncontrollable wildfires and dust storms, which in turn
causes higher concentrations of several air pollutants, including ozone and particulate
matter. This could be found especially in some regions such as Asia and Eastern and
Southern Africa [101]. Moreover, precipitation patterns may increase infant mortality
and reduce general health, especially for fetus in wombs [102]. Droughts can also
increase the amount of dust over large areas [103]. Dust storms and wildfires produce
inhalable, coarse particles and a smaller share of fine particles, lead to increased mor-
tality from heart disease and respiratory disease, especially among infants and the
elderly. On the other hand, air pollution affects both adults and children, by reducing
their performance of everyday activities, such as carrying heavy objects [104, 105].



8 Climate Change: An Overview of Potential Health Impacts Associated with Climate... 101

Further Health Problems

Emerging and reemerging infections:

Rapid changes in temperature and precipitation patterns can lead to emerging dis-
eases due to ecological changes such as destabilization of animals. Hantavirus,
which causes dangerous pulmonary disease in humans, was a serious problem in the
US Southwest after an EI Nifio event in the early 1990s [106].

However, Drew Harvell et al. in their report “Climate Warming and Disease
Risks for Terrestrial and Marine Biota” stated that predictions about emerging dis-
eases are uncertain, and sound empirical evidence is scarce [107]. Developing coun-
tries face difficulties in coping with these new infectious diseases due to the weak
healthcare systems, like what happened in West Africa in 2014, when faced the
spread of Ebola outbreak.

Skin cancer “Melanoma’:

High temperatures are threatening health in developing countries by also having
more cases of skin cancers “melanoma”. Skin cancer could become 21% more com-
mon if global temperatures rise by 2 °C, and 46% more common with a temperature
increase of 4 °C. Even with underreported cases, melanoma is becoming more com-
mon in Africa and Southeast Asia [86].

Indirect Impacts of Climate Change on Developing Countries

Income Loss, Food Insecurity, and Malnutrition

According to the World Bank, 75% of the world’s poor who depend on farming to
live are in rural areas. Those people are supported by the government in devel-
oped countries but have insufficient credit markets and social safety net program
in developing countries [108]. Poor countries are more susceptible to climate
shocks and low urban wages and purchasing power, which means that children in
this urban area will also have less to eat [109]. Moreover, chronic degenerative
diseases can be attributed to mom’s nutrition during pregnancy. Seema
Jayachandran and Rohini Pande in their report “Why Are Indian Children So
Short” pointed out that malnutrition in the early stages of life can contribute to
stunting, which is an indicator of adult health; it can also increase vulnerability to
other health shocks. For example, Indian children born second tend to be much
shorter than firstborns; children born third are even shorter, and so forth [110].
Another example of nutrition-related problem is a cleft palate which is easily
treated in rich countries [111].

Extreme weather such as typhoons, hurricanes, and droughts can be disastrous,
wiping out entire crops, housing, health centers, and schools, and lead to famine
affecting people in developing countries [112].
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Education
Climate change may affect education through:

— Shocks that affect income and wages, lowering school enrollment, and force
children to work.

— Poor nutrition because of income losses.

— Direct effects of climate changes like pollution or heat.

— Children are forced to work to help provide for the family. Evaluations of pro-
grams that gave additional income to families in developing countries or directly
helped them with school fees show that income changes have large positive
effects on school attendance [113].

— In contrary, excessive rain can improve school attendance by reducing wages,
thus making jobs scarce for women and children [114].

Climate change affects education depending on income losses to families and
changes to children’s wages. Thus, climate shocks, which affect both the labor mar-
ket and wages at the same time, may have different effects than does loss of income
alone.

Poor health because of low income can affect fetus in the womb, and infants; this
later affects children’s school attendance. Taking birth weight as an indicator of
mothers’ nutrition and health, according to Janet and Rosemary study (1999), US
children whose birth weight is low (defined as less than 2500 g, or about 5.5 pounds)
are much less likely later in life to pass high-school-equivalency exams and to be
employed [115]. Another study done by Erica, Maximo and Omar (2009) indicates
that mothers’ caloric intake and their overall nutritional status during pregnancy is
important; for instance, in Tanzania, when intensive iodine supplementation pro-
gram was introduced for mothers, children achieved 0.36-0.56 additional years of
schooling [116]. Another factor that affects schooling was related to the weather.
More rain, means more crops, better nutrition, better school attendance; neverthe-
less, no big difference has been shown in boys, as families in developing countries
are investing more on boys rather than on girls [117, 118].

Extreme events causing massive impacts on human capital accumulation will
also affect education. For example, the famine that took place in China in 1959—
1961 affected pregnant mothers; men born were 9% more likely to be illiterate, and
girls were 6% more likely to be illiterate. Less illiterate means higher rates of
unemployment and changes in marital patterns [119]. Similarly, Greece famine
that took place in 1941-1942 influenced education with more illiteracy and fewer
years of education [120]. On the other hand, extreme weather damaged the infra-
structures [121].

Extreme events mean more children’s parents die that will affect schooling.
“Children whose mothers die tend to attain fewer years of schooling and have less
money for their education” [122]. Heat can also affect the economic status in adults
in adults and then affect children’s schooling [123].
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Displacement and Migration

Extreme events force families to be displaced putting them under poor conditions
such as refugee camps, with low sanitation, poor access to food, healthcare, and
education [124]. Permanent migration could reduce the adverse bad consequences
of natural disasters [125]. In many cases, when people moved to cities, the latter
will be overburdened with more migrants. Such migration might affect the crops
and the families [126]. Specifically, children’s health and schooling will be affected
if the increase in urban populations is not going along with more social services
[127]. Sometimes the migration might have positive impact on income loss, if the
weather helps, a high proportion of jobs might be integrated in the industries, such
as tourism [128]. Some studies have found that children who were left behind had
better schooling outcomes [129].

Psychological Impacts

Climate change has tremendous effects on children’s psychological health. Mental
health affects schooling, education, and employment in the future. Nilamadhab
Kar et al. (2007) indicate that children exposed to more natural disasters are more
likely to suffer posttraumatic stress [130]. Studies also showed that children expo-
sure to famine and war can cause antisocial behaviors and schizophrenia in adult-
hood [131].

Climate change will affect adults’ mental health as well. Poor economic status
causes more distress and less ability to decision-making among adults [132].

Violence

Climate change increases violence as the following:
Greater heats generate more aggression and increase household violence.

— Climate shocks lead to economic stress which will increase violence.

— Job loss can lead to child abuse, child transactional sex for money, service, or
goods [133].

— Climate change raises crime rates and increases the probability of conflict and
war; both low rains and high temperature increase the rates of property crimes
[134].

For instance, job loss among US men was correlated with child abuse [135] and
hurricanes have been linked to rise the cases of traumatic brain injury among young
children [136]. Moreover, mothers stressed from violence during pregnancy could
lead to lower birth weight [137]. Some studies also correlate the rainfalls shock with
increase in the prevalence of HIV due to risk sexual behavior [138].
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Natural Disasters and Long-Lasting Effects on Survivor’s Health

Natural disasters kill people directly, 2.47 deaths and 2.7 injuries occurred from
hurricanes took place from 1970 till 2002. Hurricanes estimated that from 1970 to
2002, they killed 2.47 million people and injured another 2.7 million. However, the
effects of natural disaster are also long-run ones; poor sanitation, destroyed infra-
structures, weak healthcare services will also cause further deaths [139-141]. Poor
health in the adulthood will also be attributed to bad nutrition both in wombs and
early childhood occurred due to natural disasters. Famine that happened in China in
1959-1961 generated shorter children, 1.2 in. shorter [142].

Finally, “Climate change will likely impair child nutrition and health, off-
setting the gains that children in developing countries have made in recent
decades” [86].

Policies to Mitigate the Climate Change Implications on Children Might
Include

* Expanding electrification and developing new technology, such as air condition-
ing which mitigate the harm happens due to hot days inventing more weather
resistance crops

e Reducing our carbon output

* Improving access to clean water

* Increasing foreign aid during disasters

» Expanding safety net programs to support families

 Introducing more-weather resistant crops

e Support families in adjusting to the new situations and challenges arising from
climate change

Climate Change Health Impacts on Middle East:
Middle East going to experience climate change threatening basic life.

- Rise of temperatures » Rise of the evaporation rates - Reduced surface water

Starvation and poverty Crop failure Hitting agriculture

How Climate Change Will Affect People’s Health in The Middle East:

— Rise of temperature leads to lack of drinking water, which will in turn increase
cholera and other waterborne diseases

— The government could respond by importing more water at a financial cost but
also an environmental one

— Importing water will require transport, causing further release of CO,, of putting
the region under climate change challenges again

— Food prices will rocket due to import, as seen in Iraq 1999/00 and 2000/01
drought caused non-irrigated wheat production to decrease by 90% [143].
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— Lack of enough drinking water will lead to more cholera outbreaks and other
waterborne diseases [144].

8.3.6 Climate Change in UAE

UAE has one of the highest levels of GHG emissions per capita, consistently rank-
ing second or third in the world over the past two decades.

Health impacts of climate change in the UAE: climate change is likely to have
only limited impacts on infectious and diarrheal diseases in the UAE due to rela-
tively low baseline levels of these climate-sensitive diseases. However, climate
change is more likely to increase heat stress and possibly increased water- and
vector-borne diseases, which are more controllable in UAE.

There are 410 additional healthcare facility visits and three additional deaths
from cardiovascular disease in the UAE in 2008 due to the added risks of climate
change [144].

8.3.7 Actions to Be Done

— Promoting active modes of transportation to reduce CO, emission released from
traffic-related air pollution, and at the same time promoting better health associ-
ated with more physical activity

— Create supportive environment through enhancing sanitation and hygiene to
reduce vector-borne diseases

— Encourage people in the risky region vulnerable to insects’ bites to cover their
exposed skin to avoid insects’ bites

— Enhance intersectoral cooperation at different governmental level to expand
more mosquito-controlled programs to prevent several infectious outbreaks

— Inspect the compliance of all country levels to take the appropriate measures
protecting public health

8.4 Conclusion

Climate change affects the social and environmental determinants of health—clean
air, safe drinking water, enough food, and secure shelter. Climate change has enor-
mous and diverse effects on human health. Rises in temperature and sea level and
extreme weather events such as floods cause water logging and contamination,
which in turn exacerbate diarrheal diseases. Vector-borne diseases and other com-
municable disease will be the result of climate change. Poor and poorer nations will
be more impacted due to fragile health systems and resources.



106

J. Fadda

Appendix 1: Extreme Weather Events and Related Health

Problems
Primary
environmental effects | Social effects | Health impacts Vulnerable groups
Heat- Reduced crop Increased Increased total | Diabetes Elders
waves productivity food prices mortality
Animals death Cause-specific | Mental health | Children
mortality
Fires Respiratory CVD People with
diseases pre-existing
chronic diseases
Rental diseases
Floods Increase bacteria Infrastructure | Mortality due | Injuries Elders
damage to drowning
Parasites Mobility CVD Intoxication | People live in
flood plains
Relocation Injuries Mental health | Repair workers
Interruption | Respiratory
of healthcare | infections
provision
Droughts | Reduced crop Relocation Protein-energy | Skin diseases | Children
productivity malnutrition
Inadequate water Inadequate Micronutrient Women
supply sanitation deficiency
services
Lack of water Lack of Skin diseases
sanitation
Animals deaths Infectious
diseases
Acute
respiratory
infections
Fires Measles
Fires Toxic and pollutants | Infrastructure | Deaths Young children
in the air damage
Burning Pregnant women
injuries
Asthma Eyes Elders
irritations
Chronic CVD patients
diseases
CVD Respiratory
patients
Mental health Fire fighter
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Appendix 2: Increase of Temperature and Changes
in Precipitation and Related Health Problems
Primary
environmental Vulnerable
effects Social effects | Health impacts groups
Glacier Floods risk Relocation Injuries Morbidity Everyone
melting Breaking down of Morbidity Mortality
and Se:a coastal settlement
level rise Water quality Waterborne Diarrheal
diseases diseases
Cholera/typhoid
Higher sea surface Poisoning Algal blooms
temperatures
increase the
occurrence of
algal
Foodborne Parasitic
diseases diseases such as
“Salmonella” amoebiasis,
giardiasis and
cryptosporidium
Reduced Changes in Malnutrition Child Children
food yields food development
availability
Change in Micronutrient Pregnant
food price deficiencies women
Ecosystem | Microbial ecology Vector- borne Leishmaniasis Everyone
changes change diseases
Host animals Rodent borne Dengue
diseases
Vectors Tickborne
diseases
Pathogens
multiplications
Heavy Air pollution Morbidity CVD People with
Storms chronic
diseases
Mortality Respiratory
diseases
Displacements | Mental health Children
Loss jobs Other related risks Children,
to lack of Elders
accessing health
services
Loss of
livelihood
Heavy Transfer terrestrial Cryptosporidiosis, Everyone
rainfall microbiological giardiasis,
agents into amoebiasis,
drinking-water typhoid

sources
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Chapter 9

Simultaneous Clean Water and Power
Production from Seawater Using Osmosis:
Process Simulation and Techno-economic
Analysis

Elena Barbera, Luca Zorzetto, Adel O. Sharif, and Alberto Bertucco

9.1 Introduction

Global energy demand is currently mostly satisfied by oil, coal, and natural gas.
Fossil fuels are non-renewable sources and are the main responsible for greenhouse
gas (GHG) emissions and air pollutants [1, 2]. Moreover, because of the increasing
population and the rapid economic development, the world is facing unprecedented
challenges regarding energy supply. Since the Kyoto Protocol in 1997, the need to
reduce GHG emissions from fossil fuels has been amplified all over the world,
exploiting several alternative renewable energy sources such as solar, wind,
geothermal energy, etc. for global sustainable development.

A novel renewable technology for power production based on osmosis principles
has emerged between the late 1990s and the beginning of the new millennium with
the construction of the first osmotic power testing facility in Norway by Statkraft
[3]. The entropy of mixing water at different salt concentrations is used to enhance
osmotic power: when a semi-permeable membrane is placed between compartments
containing water with different salt concentrations, a net flow of water permeates
the membrane from the low concentrated side to the high concentrated one because
of osmosis. Considering a fixed chamber volume in the higher concentrated side,
the pressure will increase until a theoretical maximum of about 27 bar if seawater
and freshwater are used, corresponding to a water head of 270 m [4-7]. The
increased hydraulic pressure obtained could be used in several ways, one of which
is power production through a hydro-turbine [4, 8, 9]. Considering typical operating
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conditions and available membranes, a hydrostatic pressure corresponding to 100 m
of water head can generate electricity in a hydropower station by osmotic power
technology (pressure retarded osmosis, PRO). It has been estimated that a global
power production potential of about 2000 TWh per year could be generated [3],
with 170 TWh per year only in Europe [10].

This power production potential could be further increased if a suitable draw solu-
tion (DS) is used in place of high concentrated seawater, thanks to the high osmotic
pressure achievable with low draw solute concentration. Hydro-osmosis power gen-
eration (HOP) emerged as a novel closed-cycle process based on osmosis phenomena
[4]. Similar to PRO, forward osmosis principles are harnessed to generate high water
permeation through a semi-permeable membrane, from a lower osmotic pressure feed
side to a higher osmotic pressure draw solution side, in order to pressurize the DS
stream as a result of the osmotic pressure difference between the feed and the draw
solutions and to use it to produce energy by means of a hydro-turbine.

Low-molecular-weight alcohols are suitable draw agents to be used in the HOP
process, thanks to the high osmotic pressure that is obtained at acceptably low con-
centration levels. However, other volatile water-soluble components can also be
considered (e.g., isopropanol and dimethyl ether). In a closed-loop process perspec-
tive, the draw solution needs to be regenerated in a suitable separation unit.

Considering that water stress represents one of the most alarming problems for
humankind, the HOP process can be modified for simultaneous power and clean
water production, by using wastewater [11], brackish water, or even seawater as
feed [7]. In fact, according to the World Resources Institute, it was estimated that 37
countries are currently facing extremely high levels of freshwater scarcity, which
mostly affects public health as well as national prosperity and economy. Even if
water covers about 70% of the world surface, just a small percentage is usable as
freshwater to satisfy the water demand. Due to the uneven distribution of freshwa-
ter, more than one billion people currently live in water-stress regions, with an
expectation for this number to increase about three times by 2050, due to the
increasing world population [12—14]. As the demand for freshwater continues to
grow, it is clearly necessary to find new alternatives for freshwater supply.

The modified HOP process for power generation and clean water production
aims to represent a renewable alternative in the energy and freshwater industry.
Energy is produced taking advantage of the clean water permeation through the
semi-permeable membrane. On the other hand, the diluted draw solution is regener-
ated to the inlet conditions by separating the permeated water, and producing clean
water, in a suitable regeneration unit. Although a few experimental and theoretical
investigations are available in the literature, assessing the performances and the
potential of hydro-osmotic power processes [4—7, 10, 11], detailed material and
energy balances aimed at overall process optimization need to be carried out to
determine the large-scale feasibility and profitability.

The objective of this work is to perform accurate process simulation based on litera-
ture data and to investigate whether the simultaneous clean water production and power
generation are feasible in a profitable way. The draw solution and the regeneration unit
optimization were carried out by means of sensitivity analyses on the main process
variables in order to find out the best conditions to optimize the proposed process.
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9.2 Process Model Development

9.2.1 Process Flow Sheet

A plant size corresponding to 1 MW power generation was taken as a reference. The
process was simulated using Aspen Plus v.9. According to the process flow sheet
displayed in Fig. 9.1, seawater (at a concentration of 35 g/L of sodium chloride) is
fed to the osmotic unit countercurrent to the draw solution, which is at relatively
high hydraulic pressure (15 bars), and has a higher osmotic pressure to guarantee a
net water flux through the membrane. In particular, a hollow fiber membrane mod-
ule is considered, with the seawater feed flowing in the outer shell (with pressure
drops equal to 0.1 bar) and the draw solution inside the fibers (with pressure drops
equal to 1 bar). Seawater is thus fed at 1.1 bar, while the draw solution is at 16 bar.
The models used for osmotic pressures calculation and for the osmotic unit (OU)
simulations are detailed in Sects. 2.2 and 2.3, respectively.

Ethanol was chosen as the draw agent, according to the screening criteria
presented by Kim et al. [15], in particular its low molecular weight and viscosity,
boiling point <100 °C, which provide a greater ease of separation from water in the
regeneration unit, and non-toxicity in water at a concentration <1 ppm.

After the membrane unit, the diluted draw solution is split into two streams: one
(DDS-T15) goes through the hydro-turbine (whose efficiency #r is assumed equal to
90%) for power generation, while the other (DDS-PX) is sent to a pressure exchanger
(PX) device for pressure recovery [16]. The PX device exploits part of the high-
pressure diluted draw solution to directly pressurize the regenerated draw solution
(DRAW-2). The energy transfer efficiency of this unit is assumed equal to 7px = 95%.

The equation governing the pressure exchange is:

VDDS (PDDS—PX - PDDS—PXl )nPX = VDRAW (PDRAW—X - PDRAW—Z) (9 1)

WATER f—

MIXER-Z
DISTCOL
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Fig. 9.1 HOP process flow sheet
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where V¢ and Vi, are the volumetric flow rates of the diluted draw solution
entering the PX unit and that of the regenerated draw solution (m*/h). The diluted
draw solution enters the PX device at Ppps.px = 15.0 bar, while the regenerated draw
solution has to be pressurized to a final pressure of Ppgaw.n = 16 bar. A pressure dif-
ference of 0.5 bar between the DDS-PX and DRAW-X streams is assumed; hence,
Pprawx 18 set to 14.5 bar, which is then brought up to the final pressure of 16 bars by
means of a booster pump (PUMP-15). The pressure of the DRAW-2 stream entering
the PX device is set equal to 2.0 bar, by means of a supply pump. The PX device is
simulated in Aspen Plus by a User Model unit. The calculated split ratio for the
DRAW-OUT stream resulted equal to 0.48 (i.e., DDS-PX = 0.48-DRAW-OUT).
The two fractions of diluted draw solution, after the hydro-turbine and pressure
exchanger units, respectively, are mixed and delivered to the regeneration unit.
Different separation techniques, such as a flash unit, distillation, and liquid—liquid
extraction, were investigated with the aim of minimizing the energy needed for
regeneration. Among these, only distillation resulted in the recovery of a clean water
stream of sufficient purity (<1 ppm of ethanol [17]). The distillation unit was simu-
lated at both atmospheric pressure and under vacuum. The latter configuration would
in fact allow the use of low-grade waste heating sources. In this case, the power
energy required by the vacuum pump was also taken into account, according to [18]:

-1
P v ]
w=| L |xR xT, x|| = A" 9.2)
Y -1 ¢ P, 1000 % Miso % Mhnec

v

where y = ¢,/c, = 1.4 is the specific heat ratio of air, R, = 8.314 J/mol/K is the ideal
gas constant, 7}, is the temperature of the extracted air, P, is the desired vacuum
pressure, 1 the extracted air molar flow rate, and #;,, = e = 0.8 are the pump isen-
tropic and mechanical efficiencies.

In both cases, the column was simulated with 13 ideal stages. A specification was
set to recover a water flow rate in the residue equal to that extracted in the osmotic
unit. The clean water residue stream is used to preheat the diluted draw solution
feed, which helps in reducing the thermal duties. Finally, the regenerated draw solu-
tion distillate is cooled down to the OU operating temperature (25 °C), brought up
to a pressure of 16 bars, and recirculated back to the membrane unit.

9.2.2 Thermodynamic Model Valuation

Osmotic pressure is the key variable governing the performances of the membrane
unit. The choice of an appropriate thermodynamic model to evaluate the osmotic
pressure of both the seawater feed and the ethanol draw solution is crucial to obtain
reliable results.
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The osmotic pressure of a solution is thermodynamically defined as:
n=-—=—Ina, (9.3)
Via

where R, is the ideal gas constant, a, is the activity of the solvent, and ‘7pA is the
partial molar volume of pure solvent at temperature 7 [19]. In the case of non-ideal
solutions involving electrolyte solutes, osmotic pressure is determined as:

R, Tx,

T=i® 9.4

v

PA

with 7, being the dissociation parameter, i.e., the number of ions per mole of solute
produced by its dissolution, and @ the osmotic coefficient, which takes into account
the deviation from ideal behavior [19, 20].

An extensive vapor-liquid equilibrium (VLE) dataset exists for the ethanol-
water binary system. Accordingly, the UNIQUAC-HOC activity coefficient
model was used to describe the water—ethanol draw solution, while ELECNRTL,
which takes into account ions dissociation, was selected for seawater, approximated
by a water—NaCl solution. The validity of the two models was verified against
experimental data.

9.2.3 Model of Membrane Unit

The osmotic unit is the core of the HOP process. The water flux permeated through
the membrane ultimately defines the performances and the profitability of the
process, as both power and clean water production depend on its value. Hence,
its simulation is fundamental in order to understand the effect of the operating
variables to optimize the process conditions and maximize the water flux.

The net water flux J, (m*h/m?) permeating through the membrane and the
corresponding flow rate VW (m?/h) are defined as:

‘Iw = Aw (nDS,m _ﬂ-FS,m _AP) (95)
V, =28, (9.6)

where A, is the membrane permeability (L/m?/h/bar), rps , (bar) is the osmotic pres-
sure on the draw side of the membrane active layer, and 7y, (bar) is the osmotic
pressure on the feed side of the membrane active layer. AP (bar) is the hydraulic
pressure difference between the two compartments, and S,, (m?) is the membrane
module surface. Here, a fixed membrane permeability coefficient equal to 0.2 L/
m*h/bar was considered [4]. We assumed that concentration polarization
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Fig. 9.2 Scheme of the membrane unit subdivision

phenomena are included in this value. Accordingly, the values of osmotic pressures
7ps and zps in Eq. 9.5 are taken as the bulk ones. Moreover, a membrane surface of
1800 m? was used for a single membrane module [21].

As described in Sect. 2.1, the seawater feed and ethanol draw solution enter the
osmotic unit in a counter-flow configuration. In order to take into account the pro-
gressive concentration of the seawater stream and corresponding dilution of the
draw solution along the membrane module and the related effect on the osmotic
pressure difference between the two streams, the membrane unit was subdivided
into ten partitions, each characterized by a surface S,,; = S,/10 (Fig. 9.2). Material
balances and net water flux evaluation are then applied to each partition, approxi-
mating a plug-flow behavior to allow a better description of the local driving force
and the corresponding water flux. This model was implemented in Aspen Plus by
means of a User Defined Excel unit.

9.3 Process Simulation Results

9.3.1 Osmotic Pressure Validation

Prior to performing process simulations and optimization, the validity of the ther-
modynamic models chosen in terms of osmotic pressure calculations was verified
with experimental data [20, 22]. Figure 9.3 shows the results for the water—NaCl (a)
and for water ethanol (b) systems, respectively, at 7= 25 °C and P = 1 bar.

The evaluation of the water—NaCl solution was performed up to a solute molar
fraction of 0.1, which corresponds to the salt solubility in water at 7 = 25 °C and
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Fig. 9.3 Osmotic pressure of water—NaCl (a) and water—ethanol (b) solutions as a function of
solute concentration. Dots represent experimental values, while continuous lines are the result of
Aspen Plus calculations

P =1 bar. The osmotic pressure calculated with the ELECNRTL method fits well
the experimental data for low values of NaCl molar fractions, with an increasing
deviation (up to 10%) towards higher concentrations. However, the seawater com-
position corresponds to a salt molar fraction of roughly 0.01 (i.e., 35 g/L), while the
maximum molar fraction of NaCl in the concentrated brine outlet obtained from the
process simulation is 0.05 (i.e., 160 g/L), with an error of 6.7%, which makes the
model acceptable to our scope.

Concerning the water—ethanol binary mixture, the osmotic pressure calculated
using the activity coefficient-based model UNIQUAC-HOC matches the experimen-
tal values reported by McCormick et al. [22]. It was also verified that this thermody-
namic model is able to reproduce experimental VLE data (i.e., the activity coefficients
to be used in Eq. 9.3) of the mixture up to hydraulic pressures of 20 bar, which
makes it suitable to be used at the operating conditions of the HOP process [23].

9.3.2 Regeneration Unit

The draw solution regeneration is the other key operation unit of the HOP process.
In order to obtain a profitable process, it is desirable to select a technology with low
thermal or power requirements. In addition, since the goal is to recover clean water
from the process, the regeneration unit should achieve a complete separation of the
extracted water from the draw solution. Among different possibilities investigated,
distillation was identified to satisfy both the desired separation and water purity
criteria (<1 ppm of ethanol). Considering the boiling point of water at atmospheric
pressure (100 °C), low-pressure steam is required to satisfy the thermal duty, with
consequently high operating costs. Alternately, performing the distillation operation
under vacuum would allow the use of low-grade waste heat sources, which would
greatly offset the process operating costs [23]. For this reason, simulations were
performed both at atmospheric pressure (7}, = 100 °C) and at vacuum pressures
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corresponding to Ty, = 50 °C and 40 °C, which would require waste heat available
at T =60 °C and 50 °C, respectively. Considering the vapor pressure of water, the
corresponding distillation pressures are 0.124 bar at 50 °C and 0.074 at
40 °C. Table 9.1 summarizes the results obtained in terms of specific thermal duties
(kWh/m? of extracted water) and power required to achieve the desired vacuum
pressure. These regeneration unit simulations, aimed at identifying the most suit-
able technology, are referred to a non-optimized single module osmotic unit base
case (S, = 1800 m?), which produces a net power of 2.68 kW and a water flux of
9.52 m%h, resulting in an energy density equal to 0.282 kWh/m?>.

Our results show that the specific power consumption required to make the
desired vacuum accounts for just 8.5-9% of the net energy produced by the HOP
process. The thermal duties slightly vary with respect to atmospheric distillation. If
waste heat sources could be used to supply the heat duty at the reboiler, this term
would no longer represent a process cost. However, the savings related to the
reboiler duties might be offset by the need of using refrigerated cooling water at the
condenser. The major drawback of vacuum distillation is related to the column size,
which is between two and three times larger with respect to atmospheric distillation.
In a plant aimed at the production of 1 MW of power energy, the flow rates involved
make this solution technically unfeasible. For these reasons, atmospheric distilla-
tion was eventually selected as the draw solution regeneration unit.

9.3.3 Sensitivity Analysis and Optimization

A sensitivity analysis was carried out in order to optimize the process conditions
and maximize its performances, which are directly related to the water flux through
the osmotic unit. The process variables affecting the water permeation driving force
are the draw solution flow rate and concentration and the hydraulic pressure. The
optimization was carried out with reference to a single membrane module
(S, = 1800 m?) and a seawater feed flow rate of 40.4 m*h. The optimum condition
found was then used to scale up the process for the production of 1 MW net power
energy. Figure 9.4 displays the behavior of the permeated water flow rate (a) and of
the net power density (W/m? of membrane area) (b) as a function of the draw solu-
tion flow rate, at three values of inlet ethanol concentration.

The permeated water flow rate increases with the draw solution inlet flow rate
and concentration, as a result of the higher osmotic pressure. In particular, using
higher flow rates reduces the concentration variation due to dilution of the draw
solution along the membrane module, keeping a higher osmotic pressure difference
with the seawater feed also at the module outlet. On the other hand, the net power
density, i.e., the difference between the power produced by the hydro-turbine and
the power consumptions of the pumps, shows a maximum, due to a lower efficiency
of the turbine with respect to hydraulic pumps. Higher draw solution flow rates have
a negative impact on the performances of the regeneration unit as well, increasing
the thermal duties and column size, as can be seen in Table 9.2.



129

9 Simultaneous Clean Water and Power Production from Seawater Using Osmosis. ..

W YMY ST00 UM $20°0 - Anp romoq

W UM 80L— W UMY €€L U UM 0L~ W UMY LYL W UMY 0L9— W UMY 8T8 Amnp 1eoy

Do 1€ Do 0F Do 0F Do 0§ Do 98 Do 00T amyeraduway,
IoSUAPUO)) I9[10qY IOSUApUO)) Io[10qoY JIoSUAPUO)) Io[10qoY
®qy.00=d ®’q$yCIo=d 'qr=d

UOIBIdUAZAI UOTIN[OS MBIP J0J S}IUN UONE[[ISIP wnnoeA pue dLaydsoune jo uondwnsuod omod pue [euiay) oy1oads 16 R



130 E. Barbera et al.

w
13

6.0+
A a -
30 } e B ss4 .
] ¢ . ] 3
,__ 28 £ L 5.0 & =
—.'c 26 ‘_a :.' ‘_:-ui_s 1 s -
E 244 J Eapnd
5221 354 o
[:] =
F204 o T 3.0
B 425
2 4
%10 / 5.0 ] .
E 14 € 5] .-/. \
12 1.04 *
10 054
8 T T T T T T T T 1 0.0 T T T T T T T T 1
o 10 20 30 40 50 [:1] To 80 90 0 10 20 30 40 50 60 70 80 aq
Inlet draw solution volumetric flow rate {m® h™') Inlet draw sclution volumetric flow rate (m® h™')

Fig. 9.4 Permeated water flow rate (a) and net power density (b) as a function of the draw solution
inlet flow rate, at different ethanol molar fractions (black diamonds correspond to Xepue = 0.1, light
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Table 9.2 Summary of sensitivity analysis results

Ethanol | DS flow Net power | Power Energy Reboiler
molar rate Permeated | generated | density | density Condenser | duty
fraction | (m%h) | water (m*h) | (kW) (Wm?) | (kWh/m?) | duty (kW) | (kW)
0.10 10.1 9.52 2.68 1.49 0.282 —6374 7885
20.2 12.8 3.29 1.83 0.258 —12,747 15,195
404 15.6 3.23 1.80 0.207 —25,495 29,499
80.9 17.7 1.85 1.03 0.105 -51,011 57,785
0.25 10.1 19.5 6.16 3.42 0.317 -5018 7315
20.2 26.0 791 4.40 0.304 —10,036 13,467
404 31.2 8.68 4.82 0.278 —20,071 25,058
0.4 10.1 24.5 7.93 4.41 0.323 —4092 6804
13.5 27.9 8.92 4.96 0.320 —5463 8645
17 30.4 9.63 5.35 0.316 —6879 10,466

It should be noted that, in order to avoid exceeding the solubility limit of NaCl
on the seawater side, the maximum allowable water flow rate across the membrane
is equal to about 36 m*h. Accordingly, optimum draw solution inlet conditions are
identified in correspondence to a volumetric flow rate of 13.5 m*h and ethanol
molar fraction equal to 0.4. However, it should be specified that the ethanol back
flux across the membrane, which was neglected in these simulations, might become
relevant at such high concentrations.

Overall, the power density achieved in these conditions is equal to 4.96 W/m?,
which is comparable to that reported in the literature for pressure retarded osmosis
processes [4, 9, 21].

Increasing the hydraulic pressure of the draw solution reduces the driving force for
water permeation through the membrane. At the same time, the power production by
the hydro-turbine increases, thanks to a higher pressure drop [24]. In fact, it is reported
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Table 9.3 Stream table of the osmotic unit for a 1 MW power production

Feed-in Draw-in Feed-out Draw-out
Temperature (°C) 25 25 25 25
Pressure (bar) 1.01 16 1.01 15
Solute molar fraction 0.0109 0.4 0.0347 0.0823
Volumetric flow (m?/h) 4571 1526 1444 4673
Osmotic pressure (bar) 27.8 355 98.5 96.1

Table 9.4 Overall Osmotic membrane area (m?) 203,400

%egsl;;lsggfss of the 1 MW Total net power generated (kW) | 1008
Power density (W/m?) 4.96
Energy density (kWh/m?) 0.320
Condenser duty (kW) —-617,330
Reboiler duty (kW) 734,967
Permeated water (m?/h) 3150
Water purity (ppm of ethanol) | 0.923

that the power density is maximized when the hydraulic pressure is approximately
equal to half the osmotic pressure difference between the feed and draw solution [4, 5,
10, 21]. In this work, a pressure of 15 bar was chosen, considering the performances
of membranes that are currently commercially available [4, 6, 7].

As reported in Table 9.2, a single membrane module operated in these conditions
generates 8.92 kW of net power energy. Therefore, in order to obtain 1 MW, 113
modules are required, for a total membrane area of 203,400 m2. The main results are
summarized in Tables 9.3 and 9.4.

The total power generated shows values competitive with those of PRO
processes. As well, also clean water production is comparable with most of the
existing industrial plants placed all around the world [25, 26]. However, due to the
very high flow rates involved (around 4600 m*h of draw solution to be regener-
ated), the thermal duties are consistently high, and more than one column is required
to achieve the draw solution regeneration (Sect. 4.2).

9.4 Economic Analysis

9.4.1 Economic Assumptions

The economic analysis carried out to obtain a preliminary evaluation of process
profitability, with reference to the process flow diagram in Fig. 9.1, is based on the
approach proposed by Turton et al. [27], which provides estimates accurate in the
range of +40% to —25%.
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The total capital investment (TCI) is calculated as the sum of the fixed capital
investment (FCI), working capital (WC), and start-up costs (StC):

TCI =FCI+WC+StC 9.7

Both working capital and start-up costs are estimated based on the fixed capital
investment [28], which is represented by direct and indirect costs for building the
plant.

The FCI of the pumps and the heat exchangers is calculated based on their bare
module cost, i.e., the purchase cost of the equipment at reference conditions
(carbon steel material and atmospheric pressure) multiplied by a cost factor, which
takes into account the specific construction material and the operating pressure [27].
On the other hand, due to exceeding sizes, the FCI of distillation columns, osmotic
unit, pressure exchanger, and hydro-turbine units are estimated using equations pro-
posed by Towler et al. [29]. In addition, the cost of seawater pretreatment is taken
into account, and it was assumed equal to 4% of the sum of the total grassroots costs
[7]. All the calculated costs are referred to 2017 using the corresponding Chemical
Engineering Plant Cost Index (CEPCI).

The cost of manufacturing without depreciation (COM,) is estimated according
to [27]:

COM, = 0.180FCI+2.73C,, +1.23(Cyy +Cryy ) (9.8)

where Co, Cyr, and Cry; are the cost of operating labor, cost of utilities, and cost of
raw materials, respectively.

A stream factor of 0.95 is considered for the calculation of annual operating costs
and revenues, i.e., the plant operates for 345 days per year.

FCI and COM, are strongly affected by the location of the plant. Here, the economic
analysis is developed for a plant built in Saudi Arabia, a region with the highest water
scarcity level and with a fast growing population [12]. Accordingly, the FCI is multi-
plied by a location factor F} = 0.97, to take into account the influence of the specific
location with respect to the Gulf Coast of the United States, used as a Ref. 30.

The annual revenues are calculated accounting for both the net energy generated
and the freshwater incomes. The unit selling price of electricity is taken equal to
0.05 €/kWh [31], while for freshwater, a range from the current value of 1.5 €/m?3
[31] to a realistic future unit selling price of 2 €/m* was considered, since in the last
years, its value increased about three times because of the higher water demand as
well as the growing population.

The economic profitability of the process is evaluated by means of discounted
cash flow analysis, according to four indexes: the discounted payback period
(DPBP), the net present value (NPV), the internal rate of return (IRR), and the
present value ratio (PVR).

Further assumptions are as follows:

— The useful life of the plant is 25 years, the first one of which is used for its
construction [4].
- The cost of land is 2% of FCI, and it is purchased at year 0 [28].
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- At the end of year 1, the working capital is invested to start the operation of
the plant; it is assumed to be equal to 20% of FCI without the cost of the land
(FCIy) [28].

- The whole fixed capital investment is invested in the first year of plant
construction.

- An income tax rate of 20% is considered based on the Saudi Arabian legisla-
tion [32].

— Depreciation of FCI; in the first 10 years of plant operations is evaluated by
straight line depreciation method, considering a salvage value equal to 3% of the
FCI, [28].

— Cash flow is discounted back to year O considering an interest rate equal to 2%
for Saudi Arabia [32, 33].

9.4.2 Results

As the first result of the techno-economic analysis, the capital (CAPEX) and operat-
ing (OPEX) expenses of the process are estimated (Fig. 9.5). As displayed in
Fig. 9.5a, the capital expenses related to the distillation unit for draw solution regen-
eration, including column body, trays, reboiler, and condenser, represent the largest
share (65.3%) of the total costs. In fact, considering the high draw solution flow rate
to be processed (around 4600 m?/h, Sect. 3.3), 5 parallel distillation columns of
diameter D = 5 m and height H = 36.7 m are necessary. The membrane unit, on the
other hand, whose unit cost is equal to 2.45 €/m? (i.e., 3 $/m? [4]), only accounts for
roughly 9% of the CAPEX, which amount to 33,714,648 €. This results in a pro-
jected cost of electricity equal to 152 €/MWh.

Ethanol Make-up
a b
Reboiler Membrane 003%  HE-2
14.97% 8.94% 1.89%
Turbine
2.27% Condenser
16.52%
Column
Condenser 13.80%
14.37%
HE-2
4.76%
2 Trays Reboiler
HE-1 s 22.14% 3 81.56%
18.22%
TOTAL CAPEX TOTAL OPEX
33,714,648 29,637,680 !

Fig. 9.5 Capital (a) and operating (b) expenses of the HOP process
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Table 9.5 Summary of contributions affecting the cost of manufacturing

E. Barbera et al.

Unit costs Total cost

Cost of utilities (€/year) 29,627,985
HE-2 0.0333 (€/m%) 558,805
Reboiler 0.00249 (€/kg) 24,171,598
Condenser 0.0333 (€/m?) 4,897,582
Cost of raw materials (€/year) 9695

Ethanol make-up 323 (€/m3) 9695

Cost of operating labor (€/year) 475,000
Operators (19) 25,000 (€/year) 475,000
COM, (€/year) 43,819,733
Table 9.6 Process profitability at different water selling prices

Water selling price (€/m?) 1.5 1.73 2.0

Energy revenues (€/year) 419,393 419,393 419,393
Water revenues (€/year) 39,315,408 45,343,770 52,420,544
Total revenues (€/year) 39,734,801 45,763,163 52,839,937
DPBP (years) - 25 4.44

NPV (€) —91,642,981 0 109,029,608
IRR - - 18.8%
PVR - - 3.73

Moreover, as shown in Fig. 9.5b, the distillation unit strongly affects the operating
costs as well, with 81.56% of the total OPEX represented by the steam required in
the reboiler (see Table 9.5) and 16.52% by the cooling water at the condenser,
accounting altogether for the 98.08% of the total operating expenses.

The ethanol make-up cost is instead negligible. Thus, distillation strongly affects
both CAPEX and OPEX costs, but it appeared as the only way that allows achieving
good performances in terms of both draw solution regeneration and freshwater
production, with high purity (<1 ppm of ethanol).

The cost of manufacturing (COM,) corresponding to the operating expenses
shown in Fig. 9.5 results to be about 43.8 M€ and includes the cost of operating
labor (19 operators with an average salary of 25,000 €/year [34]), the cost of
utilities, and the cost of raw materials [30] (Table 9.5).

The revenues coming from the sale of electricity amount to only 419,393 €/year,
which represents less than 1% of the total revenues, as displayed in Table 9.6.
On the other hand, the profitability of the process results to be highly dependent on
the freshwater selling price. Considering the average current water price (1.5 €/m?),
the process is in fact not profitable, since the total revenues are lower than the cost
of manufacturing, leading to a negative gross profit (Table 9.6). Anyhow, it was
calculated that with a selling price of 1.73 €/m* (15% higher than the current one),
the fixed capital investment would be entirely recovered at the end of the project life
(NPV = 0), while with a price of 2 €/m* (33% higher), the process would be highly
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Fig. 9.6 Discounted cash flow of the HOP process with water selling price equal to 2 €/m?

profitable. A drinking water price of 2 €/m? can be considered a realistic expectation
in the years to come, given that this value increased about three times in the last few
years and considering the increasing water demand.

The resulting cash flow plotted in Fig. 9.6 shows that with these assumptions, the
process is feasible and quite attractive, with a discounted payback period after the
plant start-up of less than 5 years and a net present value of about 109 M€, with a
present value ratio of 3.74. The internal rate of return is 18.8%, which is higher than
the threshold limit of 15% corresponding to the minimum interest for a low-risk
profitable project.

9.5 Conclusions

This work aimed at developing process simulation and techno-economic analysis of
an osmotic process for simultaneous power generation and clean water production
from seawater using an ethanol draw solution, in order to verify its feasibility at
large scale. Among the several draw solution regeneration units investigated, distil-
lation resulted the best one in order to obtain a sufficiently high purity of the
extracted water, despite having high thermal duties. The key process variables of the
osmotic unit have been optimized to maximize the water production and power
generation, minimizing the distillation duties, hence the energy consumptions.

An economic analysis referred to the Saudi Arabia region showed that the pro-
cess profitability is strongly affected by the water selling price, since the revenues
coming from power energy account for just 0.8% of the total. In particular, the cost
of low-pressure steam to extract sufficiently pure water residue affects for the most
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the process feasibility. Hence, considering the current water price (1.5 €/m?), the
revenues would not be sufficient to cover the costs. It emerged that water price
should be at least 1.73 €/m? in order to have the cumulative cash position equal to
zero at the end of the process life. Nevertheless, both water and power could be
industrially produced in a profitable way (DPBP less than 5 years) considering
water selling price equal to 2 €/m?, which is about 33% higher than the current price
yet a realistic value for the near future.

Overall, the work can be a starting point for further optimizations, considering
the fast progress in the osmotic technologies and the need to find new solutions for
freshwater production and power generation.
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Chapter 10
Cooling of PV Panels for Performance
Enhancement of Grid-Connected Systems

Kamaruzzaman Sopian, Ali H. A. Alwaeli, Ali Najah Al-Shamani,
and Mohd Yusof Hj. Othman

10.1 Introduction

The rapid growth in population and corresponding growth in industrial and
service sectors have reached to new heights in 2018. This opted for an increase
in the energy demands. Fossil fuels have served during the industrial revolution
as the primary source of energy, and they still are. However, due to climate-change
treaties and the continuous search for a healthy source of energy that is more
stable, renewable energies have emerged. Technologies like geothermal, wind
and solar energies have been rising in efficiency and popularity, across many
parts of the world (e.g. Europe, North America and east Asia). Solar energy has
gone through massive jumps in efficiency rise and cost reduction from the 1970s
to current date [1]. Solar energy can be classified based on the part of solar
spectrum that is utilized. The two main classifications are the photovoltaic and
solar thermal collector. Photovoltaic (PV) panels are devices that utilize the
light of the sun to produce electricity. While, solar thermal collectors capitalize
on its heat by storing it and extracting that heat using a base fluid. PV panels are
negatively affected by the rise of its temperature. This is not the case for the
solar thermal collector. This means to maintain the electrical efficiency of PVs
it is preferable to provide them with cooling. Another device in solar energy is
the photovoltaic thermal (PV/T) which is a hybrid that mixes both photovoltaic
and solar thermal collector. This hybrid is particularly designed to provide
cooling for PV; the thermal collector is attached to its back and will draw heat
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from it, therefore providing cooling. This will raise the electrical efficiency
during operation and simultaneously raise the thermal efficiency; giving that, it
will draw more heat at its current predicament. Photovoltaic systems can be
classified by whether they are connected to the grid or independent from it. The
latter is called a stand-alone PV system, while the former is a grid-connected or
grid-tied PV system. The grid-connected PV systems are usually designed to
feed the grid with excess electrical power: feeding the local load as a priority
and feeding the grid as second priority [2]. This paper presents novel methods
of cooling PV panels that are connected to the grid. This can serve solar industry
well, as it is useful to achieve highest performances and maintain low costs
through novel methods.

10.2 Cooling of PV and Grid Connection

Different cooling techniques are conceptualized and tested in various research for
PV systems. One method is to use phase change material (PCM) to control the
temperature of the PV panel, in particular, organic PCM such as paraffin wax. This
is because they are available in different melting points and selected based on the
temperature of the application and also due to their relatively cheap price and market
availability [3]. PCM are capable of absorbing and storing high amounts of heat due
to latent heat absorption. Other advantages are associated with PCM cooling
technique such as the absence of noise, electricity requirement and maintenance, in
addition to relatively high heat transfer rates. Nanofluid-based PV/T collectors have
also been implemented to raise the heat transfer of the PV/T system. Nanofluids are
chosen because they exhibit better thermophysical properties than water as base
fluids [4]. All the abovementioned techniques can serve PV panels immensely.
Grid-connected PV systems generally do not require the use of batteries. Direct
conversion of the PV’s DC current using an inverter is performed to produce AC
current that is synchronized with the grid [5]. More research and innovation need to
be directed to study the effect of these cooling techniques on selection or optimiza-
tion of grid-connected PV systems.

10.3 Grid Connected with Nanofluids

A 1.2 kWp roof top grid-connected photovoltaic thermal system (GCPV/T) with
SiC nanofluid for cooling has been designed, fabricated and evaluated under the
tropical climate conditions. The performance was compared to a conventional
photovoltaic grid-connected system (GCPV). The PV/T collectors consist of
specially designed rectangular tube absorbers with a height of 15 mm and a
width of 25 mm and attached under an array of ten pieces of photovoltaic
modules. Figure 10.1 shows a schematic diagram of the proposed system.
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Fig. 10.1 Schematic diagram of GCPV/T with nanofluids

The energy balance analysis requires a number of factors to be calculated; the
equations to these factors are included below, which show the combined PV/T
efficiency, solar irradiance absorbed by a collector per unit, the electrical efficiency
and the energy balance equation for the collector:

r’combined = nth + nel (10 1)

The total efficiency of the collector is the summation of electrical and thermal
efficiencies which are 7 and 7,,, respectively.

S=(ra), 1 (10.2)

(1)

S denotes the solar irradiance absorbed by the collector, (za)py is the transmittance-
absorbance product and [, is the solar radiation.

n,=n,(1-8(7,,-T,)) (10.3)

N Ps Tom and T, denote the reference efficiency of PV module, temperature
coefficient, temperature of solar cell and reference temperature, respectively.
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0,=AF[S-U. (T,-T,)] (10.4)

Q. A, Fy, Uy, T, and T, denote the useful heat, collector area, heat removal factor,
heat loss coefficient, fluid inlet temperature and ambient temperature, respectively.
After data collection and analysis, the system was compared to the conventional PV
system in terms of power production and total yield, which is provided in Fig. 10.2.
This will help provide a clearer image to how PV performance is enhanced. The
efficiency of the PV module, system and inverter is illustrated in Egs. 10.5-10.7,
respectively.
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Fig. 10.2 GCPV and GCPVT-SiC nanofluid system total yield and power for 1 day
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In the equations above, Epc, Eac, H, and Ac denote DC energy, AC energy, total
in-plane solar radiation and collector area.

From Fig. 10.2, the hourly energy production of the two systems over a sunny
day demonstrates the superiority of the nanofluid-cooled PV system over a
conventional PV system, due to the enhancement of heat transfer by the SiC
nanofluid of the PV/T module. The reason for this was due to the lower mod-
ule’s temperature and thus increasing the electrical efficiency of the PV. The
conventional grid-connected PV showed a maximum yield factor, performance
ratio, inverter efficiency, PV efficiency and system efficiency of 100.538 kWh/
kWp (in March), 77.138% (in March), 95.87% (in January), 8.8% (in April) and
8.41% (in April), respectively. The findings for nanofluid-cooled PV system
parameters are illustrated in Fig. 10.3. From Fig. 10.3 it is observed that during
March the highest values for monthly array yield and final yield were obtained
with around 157.32 and 152.71 kWh/kWp, respectively. On the other hand, dur-
ing February the lowest values were recorded for the monthly array yield and
final yield with around 145.11 and 140.71 kWh/kWp, respectively. This low
yield is attributed to lower solar irradiation. As for the performance ratio (PR)
of the nanofluid-cooled GCPYV system is around the range of 95.49-95.92%, in
comparison to the range of 70.65-74.71% for conventional grid-connected
panel. Finally, the electrical efficiency of the cooled GCPV system was around
13.5-8.41% of the conventional GCPV.
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Fig. 10.3 The monthly energy yield, system performance ratio (PR) and (PV, system, inverter)
efficiency for GCPVT-SiC nanofluid system
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10.4 Grid Connected with Nano-PCM and Nanofluid

PCM are effective to control the temperature of PV panels. However, they exhibit low
thermal conductivity. This issue could be fixed by employing nanoparticles to enhance
their thermal conductivity [6]. This design is proposed to mix two cooling techniques:
nano-PCM and nanofluid cooling of PV panels. This is achieved by attaching a nano-
PCM container to the back of the panel; within the container is a layer of nano-PCM
and collector tubes submerged with nanofluid flowing within them. The used nano-
fluid is SiC-water nanofluid, and the used PCM is paraffin wax. The cross-section
diagram of this collector is shown in Fig. 10.4. The proposed collector is evaluated
based on theoretical and experimental results. The system was validated using
CFD analysis. This requires a set of governing equations: continuity, momentum and
thermal energy which are described in Egs. 10.8, 10.9 and 10.10, respectively.
Continuity equation:

2 (pu)=0 (108)

Momentum equation:

o) _ _‘9_”+i[u[%+%ﬂ+i(—pﬂ) (109)
i)

Ox, ox; Ox, ox; 0x Ox,
The energy equation:
Oh/ ot +0H | 0t +V (Vh) = Vo ky / (pcp),, Vi) (10.10)

The enthalpy of the material is computed as the sum of the sensible enthalpy, 4,
and the latent heat, AH:

H=h+AH (10.11)
Photovoltaic panel
Silicone OQil

d Upper Sheet
P = (Galvanized steel)
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—
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Fig. 10.4 Cross-section drawing of nano-PCM and nanofluid-based PV/T collector
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where

h=nh

ref

T
+ [c,ar (10.12)
Teer

Due to implementing nanofluids, and employing nanoparticles in PCM, the
following equations are used:
The effective thermal conductivity of the nanofluid is

kg =k o +ky (10.13)
The thermal conductivity enhancement term due to thermal dispersion is given by

k, =C(pc, )nf |V|<pdp (10.14)

The system was compared to a conventional PV system, both tested under
Malaysian climatic condition. Figure 10.5 illustrates the obtained efficiency of the
proposed collector and a conventional PV across the period of experiment.

From Fig. 10.5, it can be observed that the efficiency gap is quite clear between
conventional PV and nano-PCM and nanofluid cooled PV panel. The solar radiation
peaks around 710 W/m? at 1:30 PM. Figure 10.6 shows a comparison between
power production of GCPV panel and nano-PCM and nanofluid PV/T collector.

Figure 10.6 shows the monthly production and yield factor of the GCPVT system,
which shows consistent figures. The maximum and minimum energy generation
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Fig. 10.5 Efficiency and temperature of conventional PV and proposed nano-PCM and nanofluid
cooled PV over a sunny day
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Fig. 10.6 PV power production of GCPV and proposed nanofluid and nano-PCM GCPV/T

occurred in May and October, respectively. However, the curve changed due to the
change in solar radiation. It is seen that from March to August the monthly produc-
tion and yield factor is higher than the period of September to February. The maxi-
mum and minimum energy production was found to be 220.51 and 154.02 kWh,
respectively. However, the monthly and annual yield factor was found to be
(128.34-183.75) kWh/kWp and 1875.12 kWh/kWp, respectively.

10.5 Conclusions

In conclusion, this paper presents novel methods of cooling grid-connected PV
panels. The cooling is achieved through different processes of heat transfer. The use
of cooling techniques has proven to be highly efficient for PV panel’s electricity
production. This is achieved through using nanofluid cooling and nano-PCM and
nanofluid cooling. The higher thermal conductivity and capacitance of the system,
the higher heat transfer is carried out throughout the process. In all cases, cooled PV
panels produce higher open-circuit voltage than conventional PV panels. The main
consideration for each of the designs is to maintain moderate cost and reduce cost
of energy.
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11.1 Introduction

The active optics-based luminescent solar concentrator (LSCs) is employed to
concentrate solar radiation from a large area to onto a smaller area of solar cell to
enhance the solar cell output [1-3]. This technology uses polymer or glass as a
matrix material doped with luminescent molecules to collect and waveguide the
light; hence, it can replace the expensive silicon material and as a result reduces cost
of solar energy production. In LSCs, incident solar radiation is absorbed by lumi-
nescent material, and subsequently, light is re-emitted over all solid angles. The re-
emitted light hitting the waveguide at angles larger than the critical angle is guided
via total internal reflection (TIR) to the edges where solar cells are attached. The
active optics of luminescent material and diffractive optics of polymer in the LSC
have extended several advantages: can concentrate both direct and diffuse radiation,
not limited solar concentration ratio [4]; narrow emission band of concentrated
solar radiation can be matched to the spectral response of solar cells [5]; spectral
overlap to solar cell minimizes thermalization losses [5]; solar spectrum can be
separated and concentrated in different wavelength band by tuning luminescent
material optical properties [6]; most important and significant that their static nature
makes them an ideal candidate for building integrated photovoltaic (BIPV) [7-9]
to achieve zero-carbon buildings.

The LSC was proposed as a alternative and promising solar concentrator
technology; however, the optical efficiency is subverted by several energy losses
phenomena: Stokes shift in the re-emitted radiation [10], re-absorption [10-12],
escape cone losses [13], scattering [12], narrow absorption range of luminescent
material [14, 15], chemical and photo stability of the luminescent material [16].

S. Chandra (<) - S. J. McCormack

Department of Civil, Structural and Environmental Engineering,
Trinity College Dublin, Dublin 2, Ireland

e-mail: schandra@tcd.ie

© Springer Nature Switzerland AG 2020 149
A. Sayigh (ed.), Renewable Energy and Sustainable Buildings, Innovative
Renewable Energy, https://doi.org/10.1007/978-3-030-18488-9_11


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-18488-9_11&domain=pdf
mailto:schandra@tcd.ie

150 S. Chandra and S. J. McCormack

To minimize scattering and re-absorption losses process, the concept of thin film
LSCs was introduced. In addition, decreasing the thickness of LSCs increased the
solar concentration ratio [17]. The thin film LSC consists of a heavily doped
luminescent material thin film coated on a highly transparent thicker substrate of
the same refractive index to the thin film [15]. Theoretically the quantity of the
luminescent material in the thin film LSC is of the same size as in that of homog-
enous LSC [18, 19]. The principally fluorescence emission was trapped in the
substrate and waveguided by total internal reflection to the edge of the plate. Since
the substrate is transparent, hence parasitic losses of re-absorption and scattering
were reduced [18].

Besides that thin film LSCs have extended more advantages: reduced fabrication
cost [20], luminescent material can be protected against UV radiation damage, and
easily achieved high doping concentration [8]. However, high doping concentration
in thin film LSC introduced non-linearity in optical properties, hence, the optical
efficiency of thin film LSC [17]. This research article exploited a plasmonic
approach to increase the absorption and consequently fluorescence emission in thin
film LSCs without increasing doping concentration of the luminescent material by
employing plasmonic coupling.

11.2 Plasmonic Coupling

The fluorescent materials excitation rate is highly a function of local photon mode
density (PMD) and electric field (E,.) intensity and, therefore, can be manipulated
through modification in the local PMD [21]. The localized surface plasmon reso-
nance (SPR) in metal nanoparticles (MNPs) can be modified and control the
local PMD. When MNPs have dimensions smaller than the wavelength of the exci-
tation light, energy can be confined in a small spatial region through a localized
surface plasmon resonance (SPR) phenomenon [22]. The SPR phenomenon can
dramatically amplify the incident PMD and consequently electric field intensity
(E\o.) around the MNPs [23]. This enhanced electric field vector decays exponen-
tially away from the surface of MNPs. The interaction between the fluorescent
material and localized electric field (E),.) generated by SPR in the MNPs is known
as plasmonic coupling [24]. The plasmonic coupling modifies the optical properties
of fluorescent material, absorption, and fluorescence emission [25], excitation rate
[26], fluorescence lifetime and quantum yield [27], and photostability [24].
Plasmonic interaction between a fluorescent and MNPs can be controlled by spac-
ing between them, the refractive index of the embedding medium, the degree of
spectral overlap of the SPR wavelength of the MNPs, and the absorption/emission
wavelength of fluorescent material. The spectral overlap between the SPR peak of
MNPs and the absorption spectra of fluorescent material leads to enhancement of
both the absorption and excitation [26], hence, the total fluorescence emission rate.

This research employed the plasmonic coupling in the thin film LSC. The plas-
monic coupling in the plasmonic composite structure is monitored locally and
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macroscopically to predict the behavior of the device. Then, optimized plasmonic
composite is used to fabricate a plasmonic thin film LSC device; subsequently, the
electrical characterization is carried out.

11.3 Experimental Material and Method

Perylene-based Lumogen F Red305 dye (BASF, Germany) was used as a fluores-
cent material in this research (referred as red dye molecules )—typical absorption
and fluorescence emission spectra presented in Fig. 11.1.

The layered plasmonic composites for thin film LSC in which polymer spacer
layers controlled spacing between red dye molecules and Au NPs film. The configu-
ration was designed and fabricated with varying spacing thickness of 0-60 nm
between the red dye molecules and Au NP film, as shown in Fig. 11.2.

The plasmonic composites were fabricated using spin coating (G3 P-8 Specialty
Coating System (SCS)) on glass substrate of 25 x 25 x 1 mm and refractive index of
n =~ 1.5. Each component of composite plasmonic structures was separately opti-
mized prior to their assembling into the plasmonic composite structure. The red
dye molecules thin film LSC of doping concentration 0.7 wt% was subjected to
plasmonic coupling [17].The spacer layer thicknesses of 0.0, 30 + 5 nm, and
60 = 5 nm were separately optimized by spin coating of 2 wt% Plexit 55 in toluene.
The thickness of the various films were measured using an atomic force microscope
(AFM).

The spherical Au NPs were synthesized using colloidal chemistry, which is
reported elsewhere [28]. Au NPs synthesized in ethanol were spin coated on a glass
substrate of the same size used for thin film LSC fabrication. The deposited films
were optically and microscopically characterized by measuring absorption in UV/
Vis/NIR and SEM images, respectively, reported in the earlier work [28] in Fig. 11.3.
The SPR peak is slightly red-shifted from 556 to 562 nm in the thin film, which may
be due to the size re-distribution through agglomeration and a change in surround-
ing medium from solution to glass substrate.
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Substrate

Fig. 11.2 Schematic of plasmonic composite structure with varying spacing (0, 30, and 60 nm)
between red dye molecules and Au NPs film
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Fig. 11.3 Extinction spectra of Au NPs in ethanol and spin coated on glass substrate

The proposition of increased excitation rate of red dye in the presence of the
SPR enhanced localized electric field of Au NPs was studied and verified separately
by studying homogenous plasmonic composites, with 0.1 wt% of red dye mole-
cule and varied Au NP concentration from 10 to 60 ppm. The lower red dye mole-
cules concentration was selected for this study since it was observed that for higher
doping concentration of red dye molecules in thin film LSCs have adverse optical
losses [17].

The absorption and extinction measurement was carried out using a Perkin Elmer
Lambda 900 UV/Vis/NIR spectrometer. The AvaSpec-2048 (Avantes, UK) fiber
optic spectrometer setup was used to record the fluorescence emission at the edge of
the red dye molecules film and of their plasmonic composite thin film LSCs; the
optical setup detail is reported elsewhere [17]. The Zeiss LSM 510 confocal laser
scanning microscope is used to measure the local fluorescence emission of the red
dye molecules film and their plasmonic composite structures. More details of mea-
surement are reported in earlier work [17].
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11.4 Results and Discussions

The optimized red dye molecules doping concentration of 0.7 wt% thin film LSC
was used for the plasmonic composite structure since the efficiency of LSC is depen-
dent on doping concentration, as reported in earlier work [17]. The control LSC 0 is
the red dye molecules thin film LSC of 0.7 wt% doping concentration. The plas-
monic composite LSC 1, 2, and 3 have a spacing of 0, 30, and 60 nm, respectively.
The absorption of the plasmonic composite red dye molecule film LSC significantly
increased by 12% and is independent of the spacer layer thickness in Fig. 11.4.

The increased absorption of red dye molecules in the thin film plasmonic com-
posite is contributed by the Au NPs SPR phenomena modified incident solar radia-
tion. Light encounters the Au NPs before reaching the red dye molecules film and
excites the SPR, which increases the scattering cross section of Au NPs which
exceeded the geometric dimension of the particles [29]. The increased absorption is
contributed to several factors. The Au NP is sandwiched between air and
PMMA film, and this leads to scattering of light into a higher refractive index mate-
rial [30], and hence more light is coupled to the red dye molecules film. The overall
red dye molecules film absorption depends on the optical-pathlength for a constant
doping concentration. The SPR enhanced scattering in Au NPs increases the opti-
cal-path length of incident light in the red dye molecules film. The scattering cross
section of Au NPs is most significantly pronounced at the SPR wavelength, and the
red dye molecules absorption band substantially overlaps to the SPR wavelength
of Au NPs. These three effects work together to increase the local electric field
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Fig. 11.4 (a) Optical absorption of plasmonic composite structure, and (b) % change in integrated
absorption. (Note: % change was calculated with respect to control sample red dye molecules thin
film of 0.7 wt%). (LSC 0; control sample, LSC 1, 2, and 3 have a spacing between red dye film and
Au NPs of 0, 30, and 60 nm, respectively)
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intensity (Ej,.) through modified local photon mode density of incident light in the
red dye molecules film, hence, increase the exciting rate and consequently absorp-
tion. The spacer layer thickness independence of absorption enhancement can be
explained; the PMMA is transparent and the refractive index closely matched the
glass substrate, and therefore there are no reflection losses at the interface by
adding the spacing layer.

The fluorescence emission measured at the edge of LSC enhanced by 10-25% as
presented in Fig. 11.5. This changed fluorescence emission is due to both increased
absorption which is independent of spacer layer thickness (Fig. 11.4) and the increased
excitation rate (multiple excitation) of red dye molecules by experiencing enhanced
localized electric field (E,.) of Au NPs. The enhanced localized electric field (Eloc)
at red dye molecules led to increased exciation rate of red dye molecules.

The SPR modified E,, intensity decays away from Au NPs surface, and therefore
the presence of the spacer layer can be used to control the intensity local E, in addi-
tion to the volume of red dye molecules experiencing plasmonic coupling. In the
absence of a spacer layer, the certain fraction of red dye molecules comes in contact
with the Au NPs and the possibility of non-radiative relaxation in red dye [31]. This
is a short range effect and leads to quenching of fluorescence emission by non-
radiative energy transfer from red dye molecules to the Au NPs through the near-
field component and compensates the effect of the enhanced emission rate. The
spacer layer when introduced this non-radiative effect is minimized, and at the same
time it decreases the volume of red dye molecules experiencing enhanced E;
however, still it is beneficial since the overall competition between these two effects
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Fig. 11.5 (a) Fluorescence emission spectra at the edge of plasmonic composite LSC, and (b) %
change in integrated emission. (Note: the % change was calculated with respect to control LSC 0
which is red dye thin film LSC)
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gives rise to increased fluorescence emission for the cases of the 30 and 60-nm
spacer layer, respectively.

The spectroscopic characterization presents the overall modified optical proper-
ties of plasmonic composite structure. The enhanced fluorescence emission in the
plasmonic composite structure led to higher fluorescence coupling to the glass sub-
strate for solar radiation concentration. However, the only portion of fluorescence
emission in the TIR range is coupled to the glass substrate. Therefore the actual
fluorescence emission enhancement could be significantly higher.

It is proposed that enhanced emission is contributed by the increased excitation
rate of red dye molecules and the overall enhancement is much higher than the
recorded at the edge of LSCs. This is tested by monitoring localized plasmonic
coupling. The proposition of the increased red dye molecules excitation rate in the
presence of the SPR enhanced localized electric field of Au NPs was studied and
verified separately for thin film plasmonic composites. The doping concentration of
the red dye molecules was kept low to prevent re-absorption and confirm that change
in fluorescence emission is solely caused by plasmonic interaction increased excita-
tion rate. The simultaneously recorded images are presented in Fig. 11.6 and their
corresponding florescence spectra in Fig. 11.7. The brightness of images varied
with Au NP concentration, and 40 ppm is the brightest.

Fig. 11.6 Confocal images recorded from the top surface of plasmonic composite thin film of
0.1 wt% red dye molecules and Au NPs (varied from 10 to 50 ppm). The black thick line is the
background glass substrate and focal plane lies at the interface of red dye thin film and glass sub-
strate. The red and green rectangles represent the area selected for fluorescence emission
measurement
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Fig. 11.7 Fluorescence emission measured in confocal from the top surface of 0.1 wt% red
dye molecules and its plasmonic composite with Au NPs (varied from 10 to 50 ppm), (a) fluores-
cence emission spectra profile (b) relative integrated fluorescence emission (Note: relative change
was calculated with respect to 0.0 ppm plate, which is red dye molecules film only)

Fluorescence emission of the red dye molecules in the plasmonic composite film
follows the images trend, with the highest intensity seen for 40 ppm in Fig. 11.7.
The change in brightness and fluorescence emission intensity as a function of Au
NP concentration can be explained. Since the red dye molecules has a very high
FQY ~95%, therefore the change in fluorescence emission intensity is solely con-
tributed by an increased excitation rate of the red dye molecule due to the presence
of the surface plasmon enhanced local field (E),.) of the Au NPs [32]. The enhanced
excitation rate leads to higher emission and is compensated by increased non-
radiative relaxation in the red dye molecules at higher concentration of Au NPs.
Since the higher concentration of Au NPs reduced the spacing between Au NPs and
red dye molecules, it induced a non-radiative phenomenon which is a short-range
effect and dominates when spacing between red dye molecule and Au NPs is less
than a few nanometers.

11.4.1 Electrical Characterization of Plasmonic Thin
Film LSCs

The solar cell was attached to one of the edges of plasmonic thin film LSC. The
short circuit current (/) gain of the plasmonic composite thin film LSC is presented
in Fig. 11.8. The current gain closely correlates with the fluorescence emission
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trend with a small deviation. This deviation can be associated with optical coupling
efficiency between LSCs edge and solar cell. Since the area solar cell matches to the
edge area of LSCs, hence, the coupling efficiency is better than the detector used in
optical measurements.

11.5 Conclusions

The spin coating technique was successfully employed to fabricate plasmonic com-
posite thin film LSCs. The optimum red dye molecules (0.7 wt%) doping concentra-
tion thin film was subjected to plasmonic coupling with surface plasmon enhanced
local electric Ej,. of Au NPs. The plasmonic coupling was manipulated by incorpo-
rating a spacer layer between the red dye molecules and the Au NPs with varied
spacer layer thickness; 0.0, 30 £ 5, and 60 + 5 nm.

The SPR phenomena of Au NPs led to higher forward scattering, increase
scattering cross section, and longer optical path-length of excitation light in the
composite plasmonic thin film. The optical absorption of the red dye molecules film
is increased by ~12% and independent of spacer layer thickness. Increased absorp-
tion and excitation rate of the red dye molecules enhanced the fluorescence emis-
sion by 13, 20, and 25% at the edge of plasmonic composite thin film LSCs for
spacer layers of thickness 0.0, 30 £ 5, and 60 + 5 nm, respectively. The local
increased excitation rate of red dye molecules by SPR enhanced local electric field
of Au NPs was independently examined. The local enhancement in the fluorescence
of red dye molecules is much higher than overall enhancement recorded at the edge
of thin film LSCs that indicate only a portion of enhancement fluorescence emission
is collected and concentrated.

In summary, the plasmonic coupling can be manipulated in plasmonic composite
thin film LSC, and correlation between spectroscopy and microscopy characteriza-
tion can predict plasmonic composite optical properties. This could be a vital step
in improving the optical efficiency plasmonic coupling-based LSC device.
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Addressing the Energy Challenges: Needs
and Perspectives
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Osman Benchikh

12.1 Meeting the Basic Energy Needs: A Priority

Our ways of producing and using energy have directly influenced the structure and
development of all societies. For three centuries the human activities have been
consuming ever more energy, even as governments adopt increasing vigorous policies
for its conservation. Thus, the wide use and application of alternative and sustainable
energy forms are necessary in order to fulfil the world’s ever-growing needs.

Sustainable development underlines the need to manage energy resources
judiciously; on the other hand, no development can occur without access to basic
energy services. Access to energy is required in all economic and social sectors, and
inequality in capacity to access energy resources and to utilise them for development
purposes, results in further inequality in wealth distribution, be it in terms of social
welfare or economic competitiveness. The international community has thus insti-
tutional, scientific, financial and ethical responsibilities to respond to basic energy
needs in an inclusive and sustainable way. This is particularly important for those
with poor access to energy resources.

Recognizing that access to energy services in developing countries is essential
for the achievement of the Sustainable Development Goals, which would help to
reduce poverty, the United Nations launched the ‘Sustainable Energy for All’
Decade. Furthermore, the revived interest in alternative and renewable energy
resources, combined with the substantial advances in the related science and tech-
nology in recent decades, justifies the priority given to addressing energy
sustainability and access also reflected in the new set of SDGs that includes energy
(Goal 7).
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Energy is seen as an essential component in any economic and social development
processes, and the capacity to meet the basic energy needs of all citizens should be
a key objective. Besides, it constitutes a prerequisite to reaching the Sustainable
Development Goals, energy being one of them, and constitutes a major multiplier of
the other Goals as few, if any of them, can be achieved without it.

In most of the developing countries, public electric utility grids and improved
infrastructure for energy supply exist mainly in urban and peri-urban areas. Globally
over 1.3 billion people still remain without electricity access, and more than 95% of
them are either in Africa or Asia. Some 85% of those people leave in peripheral
urban and rural areas of developing countries. In Sub-Saharan Africa, approxi-
mately 70% of the population does not have access to electricity, and this figure
rises up to 80% for the rural areas (Fig. 12.1). Households may spend as much as
30% of their disposable income on fuel-based lighting, and women devote at least a
quarter of total household labour to wood collection, while those consumers receive
poor services in return.

100 %

1%

FPopulation: 1.086 billon (2012)
FPopulation without acoess B0 electicly: > 600 million
Investment needed: 50 bilion §/ yeer duning 10 years

Fig. 12.1 Needs in term of energy access in Africa
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12.2 Energy: Human Development-Climate Nexus

The quest for long-term sustainable energy supplies and the imperative for
environmentally responsible energy use are the two main interrelated aspects of the
vital energy component that underpins today’s global agenda. Energy consider-
ations are of paramount importance to key global concerns such as climate change,
sustainable development, poverty reduction and economic growth. In this regard,
climate change has, over the last decades, evolved into an issue of global concern.
In this regard, there is increasing consensus in both the scientific and political
communities that significant reductions in emissions are necessary in order to limit
climate changes to manageable levels.

Concurrently, influence of some selected energy indicators on Human
Development Index (HDI) components highlights the strong impact of energy on
Sustainable Development. More specifically, the role of access to electricity services
and the electricity consumption per capita constitutes the key factors that have a
stronger positive influence on the achievement of the Sustainable Development and
related targets. The figures below (Figs. 12.2, 12.3 and 12.4) show for example the
evident correlation that has the energy indicators with the life expectancy as one of
the HD. Similarly, the electricity consumption and access to electricity services
have a strong emphasis on the literacy rate as well as on the leaving conditions and
the social development including the gender development particularly in the
developing countries.

While progress will occur and the number of people with access to modern
energy services will increase, population growth will erase most of these gains,
meaning that it is unlikely that the target of the SDGs can be met by 2030, if no
appropriate measures are taken.

Fig. 12.2 Life expectancy LIFE EXPECTANCY AT BIRTH vs
at birth vs. electricity ELECTRICITY COMSUMPTION
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Fig. 12.3 Life expectancy LIFE EXPECTANCY AT BIRTH VS ENERGY
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Fig. 12.4 Life expectancy at birth vs. access to electricity services

12.3 Linking the Agendas

Energy strategies must be governed by a wide array of intertwined issues. It is no
longer possible to satisfy the world’s energy demands by the exploitation of a
limited range of energy resources. To ensure a viable socioeconomic future for all,
the international community needs to expend more effort on the development and
wide use of renewable and environmentally sound sources of energy as a viable
complementary alternative to the conventional methods of energy generation and
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promote efficient use of the latest. For low density rural populations, decentralised
energy technologies based on renewable energy sources offer a viable alternative to
grid extensions; as such, they constitute a valuable component in the global efforts
aiming at addressing the global sustainability.

Responding to the energy challenges requires the diversification of energy
sources. It also calls for building a knowledge base, disseminating relevant technical
and scientific knowledge and promoting appropriate energy policies and choices as
a foundation for increased use and application of the various environmentally sound
energy technologies. Furthermore, joint international efforts, effective dialogue and
cooperation are needed in order to find solutions to complex energy issues.

The process of moving from the concept of energy development focusing on
economic growth to a new one centred on global sustainable development including
environment protection will thus be made possible only if the current energy devel-
opment paradigm is changed.

We stand at the crossroads where we believe that it is vital to promote a compre-
hensive, holistic approach to affordable and sustainable energy access, sustainable
development and climate change.
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Chapter 13
The Impact of the Rise of Using Solar
Energy in GCC Countries

W. E. Alnaser and N. W. Alnaser

13.1 Introduction

GCC countries had the passion in using renewable energies since 1970s. This is no
surprise for GCC countries as it is blessed with an abundance of solar energy as the
annual average solar radiation within the GCC countries is relatively equal to 1.1
barrel of oil equivalent per m?. The radiation is the highest in Kuwait, in June-July
(8200 kWh/m?), and the lowest in Oman (6400 kWh/m?). The radiation is low in
January-December (4200 kWh/m? in the UAE and 3200 kWh/m? in Bahrain) [1].
The first large solar energy project in the region was in Kuwait (by Kuwait Institute
for Scientific Research, KISR), followed by Saudi Arabia (by King Abdulaziz City
for Science and Technology, KACST) in the 1980s, United Arab Emirates in the
1990s (by Masdar), and Bahrain (by Bahrain Petroleum Company and now by the
Sustainable Energy Unit SEU), Oman and Qatar in twenty-first centuries. Among
the old, but advanced, PV projects in the GCC countries the full solar air-conditioned
school (The British School) in Kuwait using PV and solar thermal applications in
1970s, full PV operated fuel filling station in Bahrain at Al Hora area in Manama,
Bahrain, in 1980, The Solar Village PV system 350 kW (2155 MWh) to provide
AC/DC electricity for remote areas from 1981 to 1987) [3].

Now all GCC countries had conducted a relatively large project in Solar and
Wind Energy, especially Kuwait (currently about 70 MW among a plan of 2000 MW
by 2030), UAE (currently about 300 MW among a plan of 2500 MW by 2030) and
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Table 13.1 Summary of solar PV development in the GCC countries [2]
Maximum
Solar energy solar
target share in Primary |insolation | Current
total installed energy | (KWh/m? | operational solar
Country | capacity sources | year) projects Future projects
Bahrain | 5% of all Oil, gas | 2180 0.5 MW solar 5 MW solar project
renewable plant at the at Al Dur power and
including solar Bahrain water plant
(2020) University
5 MWp Bapco
pilot plant
Kuwait 1% in 2015, Oil, gas | 2200 See Table 13.1 50 MW solar project
10% by 2020 across the country
and 15% by
2030
UAE 7% of all Oil, gas | 2285 See Table 13.2 1000 MW
renewables by Mohammed bin
2020, 25% 2030 Rashid Al Maktoum
and 75% by Solar Park
2050
Qatar 20% of all Oil, gas 2113 Establishment of | Stadiums with solar
renewables with solar PV technology cooling
solar manufacturing for the Football
incorporated by plant in Ras World Cup 2022;
2030 and 15% Lafin 1000 MW solar PV
solar by 2018 plant in Doha
Oman 10% by 2020 Oil, gas | 2500 See Sect. 3.5 300 kW solar project
at Al Mazyonah-
Dhofar; 1000 kW
solar project in
Haima, 28 kW PV
and storage system at
Al Mathfa-Dhofar;
100 kW PV in Hijji
Kingdom | 54 GW from Oil, gas | 2200 See Table 13.3 1000 MW solar plant
of Saudi | renewables in Makkah; 10 MW
Arabia including solar Al-Khafji plant;
technology 1.8 MW King
Abdullah Petroleum

Studies and Research
Centre

Saudi Arabia (with an ambitious renewable energy target of 3450 GW by 2020 with
a further 6000 GW envisioned by 2023 and to 200,000 MW by 2030). Table 13.1
sheds light on current large projects [2]. Figure 13.1 illustrates the current and future
planned solar projects in the pipeline in the GCC countries [2]. However, it is
thought that more major solar projects—at GW scale—will be announced officially,
i.e. an installation of the world largest PV project (GW size) during the visit of the
Chinese president to UAE in middle of July 2018. Currently, Saudi Arabia was in
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Fig. 13.1 Current and future planned solar projects in the pipeline in the GCC countries [2]

talks to develop the world’s largest solar power plant in entering an agreement to
develop a $200 billion solar power plant that’s anticipated to be up and fully running
by 2030 (200 GW) of solar power, which is approximately double the amount of
solar energy produced globally last year and more than 100 times as large as the new
next biggest solar plant project which would generate more than 100,000 jobs [4].

What has been noted is there is a great development of solar energy in GCC
countries that have been done as current projects or future projects in accelerated
steps without underpinning it with strategic policy development plans, which will
surely have an impact. This paper is attempted to explore these impacts.

13.2 Technical and Strategical Issue on Solar Technology Utility

Before involving in discussing the impact of the rise of using solar energy in GCC
countries it sounds better to highlight some technical and strategical issues on solar
technology utility in these countries. These are the followings:

1. Real investments and plans to use other alternative energy sources such as solar,
wind, hydrogen and geothermal in GCC countries gain a momentum, but recent
developments in the technology used for extracting gas and oil from shale rock
formations place a big question mark on the GCC countries’ energy plans
including those relating to alternative and renewable sources of energy [5].

2. Electricity demand in the region has been increasing at an annual rate of around
8% —taster than the growth recorded in any other region of the world. It is
estimated that over the next decade the GCC countries will need to add 100 GW
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of additional power to support their economies which is running at twice the
growth rate of major advanced word economies [5].

. Sustainable energy in GCC states has been considered since 2008. Resource

efficiency programs, clean technology research, alternative energy projects,
green building codes, green economy strategies and public transport systems
have become a part of mainstream news. The GCC states have started to have a
stake in the transition to sustainable energy and have already undertaken some
policy, projects and sector-wide efforts which will boost the investment, and its
effect on the environment. However, many of these policies and plans are not
actually enforced or imposed [6].

. The region is appropriate for PV and solar thermal applications on a large scale

with little presence of clouds do not exceed only 20% of the year [6] which
highly qualify these countries to use solar heating and cooling applications,
Concentrated Solar Power (CSP) and PV applications since the global radiation
is relatively high (from 1920 to 2450 kWh/m?*year). The summer demand in
the region is about 10.8 GW, and this demand is supplied from combined-cycle
turbines fueled with cheap legacy gas and expensive imported LNG. Using
solar power plants can introduce about 3.5 GW of nominal PV capacity and in
part can be stored to overcome evening peak (10:00 to 11:00 pm) where thermal
storage, energy storage (e.g. pumped storage where available), production of
portable water at off-peak times and electricity trading with neighbors at irregu-
lar peak times can be utilized. These solutions have become economically
attractive as they have less capital cost compared to gas turbines [7]. For this
reason, GCC countries have launched a sense of the importance of converting
part of its electrical energy produced by fossil fuels to alternative energies.

. The six GCC countries are located in an arid and solar zone. They occupy

Latitude 17° N to 32° N and Longitude 35° E to 60° E. The following informa-
tion imposed itself for inclusion to allow comparison of technical, economic
and policy issues between these countries:

(a) The mean yearly solar radiation in Bahrain is, approximately, 2180 kWh/
m? [1]. The share of RE in Bahrain is planned to reach between 5% and 7%
from electricity power generating capacity by 2030 [8].

(b) Saudi Arabia has a yearly average solar radiation of 2200 kWh/m? [9, 10].
Research and development activities show that solar energy has diverse
practical applications in the KSA. The share of Renewable Energy is 30%
Electricity generation.

(c) UAE has huge solar potentials with the mean annual solar radiation of
2285 kWh/m? and average sunshine of 10 h per day [11, 12]. However, high
humidity and dust particles in the atmosphere reduce the solar intensity
[13]. However the government of the UAE had set a target of 7% energy
mix by the year 2020, 25% by 2030 and 75% by 2050 [14].

(d) Kuwait’s annual solar radiation is predicted to be between 2100 and
2200 kW/m? [15]. The average daily sunshine hours/year for Kuwait range
from 7 to 12 [16]. Kuwait plans to expand the share of RE in the country’s
energy mix by 1% in the year 2020 and up to 15% by 2030 [17].
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(e) Oman has an annual solar radiation in Oman and varies from 2200 to
2500 kWh/m? [18]. The highest solar radiation in Oman is in Marmul,
followed by Fahud, Sohar and Qairoon Hairiti [19].

(f) Qatar is a country with abundant solar resources, reported to be up to
2113 kWh/m?/year for the ground measured yearly average, calculated
considering the 4-year period of coincident data [20]. Studies show that the
presence of high-ambient temperature in Qatar coupled with dusty
conditions affects the performance and reliability of PV panels [21]. A
recent study shows that Qatar solar potentials are equivalent to 1.5 million
barrels of crude oil annually with an average sunshine hours in Qatar are
9.5 across the year [22].

6. Ithad been reported that the drop in the output of the PV electricity (PVD), as a func-
tion of dust accumulation—measured as mass per unit area (d;—which is nearly
applicable to all GCC countries, can be calculated from the following relation [23]:

PVD(in%) = (PV, /PV,,), =100-99.66exp(-0.0384,),  (I3.1)

droy

where PV, is the output of the dusty and PV, is the output of non-dusty
(clean) PV.

7. The actual solar electricity gained from each kW installation of PV in GCC
countries can be estimated from the following relation which take into consid-
eration the dust accumulation and sky turbidity [24].

Actual solar electricity produced inkWh
= Installed Power (inkW)x 3.6 x 365, (13.2)

while the maximum estimated solar electricity yield—which assumes a regu-
larly cleaned PV and clear sky with no turbidity—can be estimated from the
following relation:

The maximum estimated .
solar electricity produced inkWh| Installed Power(ln kW)

x4.6x365 (13.3)

Figures 2.8 and 4.6 are related to the system performance which is related to
PV efficiency and its performance under warm-hot environment like GCC
countries. Table 13.2 shows the PV installation in GCC countries with cost
per solar Watt. It clearly shows that each installed kW is expected to produce,
annually, about 1650 kWh of solar electricity, i.e. daily 4.5 kWh [25].

8. Nearly all of the GCC countries have set relatively low prices of electrical energy
unit (kWh) not to encourage more energy consumption and waste but rather to
assist the citizens in overcoming the harsh—-hot and warm weather that nearly
prevail for 7 months. Nearly 70% of household electricity is used for
air-conditioning. The temperature in GCC countries reaches up to 60 °C (Kuwait)
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Table 13.2 PV installation in GCC countries with cost per solar Watt [25]

Capacity Normalized
Project Type of (max peak | Year Annual annual
name Location | installations | DC) built | Cost generation | generation

1 | Masdar Abu Ground 10 MWp 2009  $5/W | 17.5 GWh | 1.75 MWh/MW
Dhabi, | Mount
UAE
2 | KAUST KAUST | Rooftop 2 MWp 2010 | $7/W |3.3 GWh | 1.65 MWh/MW
Solar Park | Saudi

Arabia
3 | Saudi Dhahran | Mixed (car | 10.5 MWp | 2012 | $10/W | 17.5 GWh | 1.67 MWh/MW
Aramco Saudi park,
Solar Car | Arabia | rooftop,
Park trees, pole
mount)

4| KAPSARC |Riyadh | Ground 3.5MWp 2013 | $4.5/W | 5.8 GWh | 1.66 MWh/MW
Project-1 | Saudi Mount
Arabia
5 | KAPSARC |Riyadh | Ground 1.8 MWp | 2014 | $3.5/W |29 GWh | 1.61 MWh/MW
Project-2 | Saudi Mount
Arabia

6 | Kuwait Oil | Umm Ground 5 MWp 2014 | $5.6/W | 8 MWh 1.68 MWh/MW
company | Gudair | Mount

Kuwait
7  BAPCO BAPCO, | Mixed (14 |5 MWp 2014 | $5/W | 8.3 GWh | 1.66 MWh/MW
Pilot Bahrain | Locations)
Project
8 | TATWEER | Bahrain | Ground 1 MW 2016 | $1.5- |1.9GWh | 1.9 MWh/MW
Mount 1.8

in mid-summer and relative humidity of about 75% like Bahrain and UAE. It’s
only few months where people in GCC countries do not use air condition.

In 2011, energy subsidies accounted for 15%, 32%, 28% and 15% of all gov-
ernment expenditures respectively in Kuwait, Saudi Arabia, the UAE and Qatar.
Since that time, however, the GCC region has been accelerating a trend to develop
more open energy markets with less subsidies in order to ease the burden on
government budgets already strained by the prolonged global oil price slump.
The prices of electricity had increased from 2011 to now about four to six times.

The average cost of kWh in GCC countries is now 6 ¢$, while in 2011 it was
only 2 c¢$ for residential while for commercial it was 6 c¢$ in 2011 and jumped
now to 12 ¢$ [26]; this is still much less than the tariff in USA (13 ¢$/kWh). The
relatively low tariff for kWh in GCC countries is not an encouraging factor to
install PV systems on rooftop to produce solar electricity. This price makes the
pay-back period (PBP) too large (about 100 year for a 7 kW with cost of USD
3/W). PBP can be easily estimated by using the following relation:

PBP = [cost of total PV system/(solar electricity produced in kWh x 3.0 x 365)} (13.4)
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For example, in Bahrain, for a full 7 kW photovoltaic system the customer
will pay USD 9100 (PV panels plus invertors and charge regulators). If the
government purchase each kWh at a cost of 1 ¢$ (3 fils) then the PBP will be
118 years, while if the tariff is purchased at a cost of 26 ¢$ (100 fils)—if Feed-
in-Tariff is initiated—the PBP is 4.6 years. More accurate calculation of PBP
can be made by referring to ref. 27.

9. All GCC countries had signed the Kyoto Protocol and there acceleration in
using solar and other renewable energy is driven mainly by their respect and
obligations toward the climate change. The previous delay in using renew-
able energy at a large scale is attributed to lack of sufficient awareness, high
capital cost, fear of moving from secure and conventional energy resources
to uncertain and irregular clean renewable energy sources, lack of clear
regulations and incentives, lack of industrial motivation, lack of expertise
and know-how and lack of adequate of information about these new tech-
nologies [6, 28].

10. The average electricity consumption per capita in GCC countries exceeds
10.000 kWh; this is mainly due to harsh environment, lack of natural vegeta-
tion, lack of natural water, dusty nature of region and high solar radiation. All
these factors impose the GCC citizen to become heavily dependent to electric-
ity utility especially to air conditioning. Here comes the importance of investing
and supporting research in solar cooling to make the cost of purchase of such
devices affordable, reliable and low tariff; such product must be subsided ini-
tially, in a similar manner of subsidizing the LED lights in China during its
initial launching.

The electricity consumption per capita in Bahrain is 19,592 kWh (CO./cap-
ita = 23.4 tons), in Saudi Arabia is 9444 kWh (CO,/capita = 19.5 tons), Oman
6554 kWh (COy/capita = 15.4 tons), Qatar 15,309 kWh (CO,/capita 45.4 tons),
UAE 11,264 kWh (CO,/capita = 23.3 tons), Kuwait 15,213 kWh (CO,/capita
25.2 tons) and average world average is 3125 kWh (CO,/capita 5.0 tons) [29]. It is
very noticeable that the per capita consumption in Bahrain is very high which is
attributed to warm and humid weather—nearly throughout the year.

Figure 13.2 shows the sectoral energy consumption in 2015, which is assumed
none has been changed much [30]. The GCC produced 1.17 billion tons of
CO,—equivalent in 2012 [29]. The bulk of CO,-equivalent emissions in GCC
are related to energy production and consumption with 95% of emissions are
energy related, with agriculture, waste and land-use changes making up the
remainder [31] and of this amount, the power and water sectors emitted 438 mil-
lion tons of CO,-equivalent.

All GCC counties have a mix of power and water desalination capacity
(Fig. 13.3) with Saudi Arabia more than 80.5 GW of power generation and
UAE with the second-largest (almost 29 GW) while other countries have
smaller capacities (Kuwait 18.3 GW, Qatar 8.6 GW, Oman 7.8 GW and Bahrain
2.8 GW) [30].
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Fig. 13.2 Sectoral energy consumption in 2015 [30]
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Fig. 13.3 Power and water capacity by technology type [31]

GCC countries use a large amount of electricity to produce desalinated water
(about 16 million m? per day) [32]. Notably, Bahrain, Oman and the three coastal
regions of Saudi Arabia utilize RO technology. Kuwait and Qatar do not have any
RO plants. A small number of thermal water-only plants, utilizing MED or MSF
processes, exist in Kuwait and in the southern region of Saudi Arabia.

The magnitude of electrical production, consumption and peak loads is shown in
Table 13.3 [30]. Saudi Arabia produces over half of all electricity in the GCC.
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Table 13.3 Electricity production in terawatt-hours (TWh), consumption (TWh) and peak load

(GW) [32]
Country Production Consumption Peak load
Bahrain 14.1 12.6 2.9
Kuwait 68.3 60.5 12.8
Oman 31.3 31.3 6.1
Qatar 38.7 36.1 6.7
Saudi Arabia 304.2 274.5 56.6
UAE—Abu Dhabi 70.9 52.8 9.0
UAE—Dubai 39.6 38.4 7.2
UAE—Sharjah 5.7 10.2 22
UAE—FEWA 0.40 10.3 22
Total GCC 573.2 526.7

13.3 The Impact of the Rise of Using Solar Energy in GCC
Countries

It has to be understood that GCC countries are of need to use renewable energy in
general and in particular solar energy for many reasons. These are: (a) Vulnerable to
the threat of rising sea levels. (b) Industrial areas are expanding. (c) High annual
energy demand growth rate which ranges from 7 to 10%. (d) Need of natural gas to
meet its future energy demand. (e) Have very high solar radiation levels. (f) Set a
Renewable Energy target in their vision 2030. (g) Need to open a green job. (f)
Allow exchange of knowledge, technology and mutual cooperation. Such an accel-
erated use of solar energy after long slow maneuver to use this energy may have the
following impacts:

1. Major reduction in the solar electricity prices in the region

The Renewable Energy Project Development Office’s (REPDO) 300 MW
Sakaka project in Saudi Arabia reported the lowest PV LCOE (2.34 USS$ cents
per kWh) [33]. Also, Masdar and its French partner EDF submitted the lowest
offer for the project at 1.79 US cents per kilowatt hour (kWh)—as illustrated in
Fig. 13.4 [34]. The prices of PV panels had dropped from US$ 76 to only US$
0.3 per Watt [35].

This drop in the prices is due to the availability of 100’s of PV producers,
offering more than 30 years warranty on PV panels and drops in solar system
components. Table 13.4 lists the PV pipeline projects while Table 13.5 for CSP
pipeline projects.

2. More investors in renewable energy business

GCC countries could reap multiple benefits from scaling up renewable energy
use, including reducing water withdrawal by 11 trillion liters (or 16%) and saving
400 billion barrels of oil in the power sector, creating 2000 direct jobs and reduc-
ing the region’s per capita carbon footprint 8% by 2030 [36]. This will attract
investors to further use solar energy as they are witnessing this acceleration in



176

W. E. Alnaser and N. W. Alnaser

Bids for Saudi Arabia's Sakaka Solar Plant
Levelised cost of electricity (US$)
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Fig. 13.4 Bid for Saudi Arabia Sakaka Solar Plant. It’s a 300 MW solar photovoltaic plant. The
tarrif for each kWh solar is little as 6.7 halalas or 6.7 fils (or 1.79 cents) [34]

Table 13.4 PV pipeline projects in Arab Region [33]

Country Country Capacity | Status Client
Bahrain PV Bahrain 200 Announced EWA
Solar IPP (West Nile) Egypt 600 Prequalification | NREA
Solar IPP (Kom Ombo) | Egypt 200 Bid stage EETC
Round 3 Jordan 200 Bid stage MEMR
RISHAPV Jordan 50 Financial close | NEPCO
Water Authority Jordan | Jordan 30 Prequalification | Water Authority Jordan
KNPC Kuwait 1000 Bid stage KNPC
Noor Midelt Morocco 300 Bid stage MASEN
IBM Oman SO0 Prequalification | OPWP
PDO-100MW Oman 100 Prequalification | PDO
Qatar PV Qatar 200 Announced Kahramaa
Multiple Sites Saudi Arabia | 6.4QU Announced HLPUO
Tunisia PV Tunisia 70 Bid stage STEG
Tozeur PV Tunisia 10 Bid stage STEG
Sweihan II UAE 1200 Announced ADWEA
DEWA Phase V UAE 300 Announced DEWA
Total 11,860
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Table 13.5 PV pipeline projects in Arab Region [33]

177

Country Country Capacity Status Client

TAQA CSP Egypt 250 Announced TAQA Arabia
West Nile CSP Egypt 100 Announced

Lebanon CSP Lebanon 50 Announced

Noor Midelt Morocco 800 Bid stage MASEN

Total 1200 \

executing major successful solar project with relatively low cost. This might
encourage other developer in renewable energy to introduce themselves to GCC
market and offer attractive prices and facilities.

Currently, China accounted for a record 45% of the global investment total,
up from 35% in 2016 followed by Europe (15%), United States (14%), Asia
Oceania, excluding China and India, (11%), Americas, excluding Brazil and the
United States (5%), India (4%), Middle East and Africa (4%) and Brazil (2%)
[37]. In 2017, Solar PV and wind power had dominated the investment, account-
ing for roughly 57% and 38%, respectively. Solar power was the only technology
to witness an increase in 2017, with new investment up 18% relative to 2016, to
USD 161 billion. The investment in Middle East and Africa had increased by
11% in 2017, to USD 10.1 billion, with substantial increases in Egypt (USD 2.6
billion), and the United Arab Emirates (USD 2.2 billion) [37].

. Rise of innovative design of houses to utilize its structure in installation and
integration of renewable energy devices

The installation of PV systems on a rooftop—making the building integrated
with photovoltaic—for power up to 7 kW for a relatively low cost (BD 3500 or US$
9100)—such as in Bahrain—is attractive especially if (a) the customer receives
financial support or loan with minimal interest and (b) the government buys the
generated solar electricity from the rooftop with a generous cost (Feed-In-Tariff).
This will encourage house developers to make the roofs more fit to allow large
utilization of the roof to account for PV installation with no obstacles. Currently, in
GCC countries, the available roof area for PV panels is about 18% only for flats and
25% for villas in Khobar, Saudi Arabia [38, 39]. Researchers in the GCC countries
started to pay more attention for the houses design to account for possible integra-
tion with PV [40]. It might also be taken into consideration in making use of
integration with other promising and brand new technologies and renewable energy
technology such as wind, geothermal, biofuels, biomass and hydro [41].

It has to be noted that it has been already reported the advantage and
disadvantage of using the rooftop. It was the 9.6 PV installed on the rooftop, in
a house in Greece, reduces the heat in the building in summer by 17.8% but
requires more heating load in winter by 6.7%! [42].

. Rise of many service and maintenance of solar technology companies

Unfortunately, not all governments of the GCC countries had Net Metering facility;
it’s only made in Bahrain. It is believed that with this accelerated use of solar energy
utility all GCC countries will introduce such a facility. Net Metering is a metering and
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billing arrangement designed to compensate distributed energy generation system
owners for any generation that is exported to the utility grid. It allows residential and
commercial customers who generate their own electricity from solar power to feed
electricity they do not use back into the grid [43]. A more attractive facility is to have
a Feed-In-Tariff that enables households to have a payback not more than 5 years.
Unfortunately, no GCC country had announced the Feed-In-Tariff facility; only UAE
had offered what is called “Grants and subsidies” which is legislated from the
Renewable Energy Deployment Strategy (2009, 2011 and last updated in 2015) [44].
Among Arab countries who have Feed-In-Tariff are Egypt and Tunisia [44].

This means any interruption in the PV system will lead to money loss and
waste. This will lead to the birth and establishment of many maintenance or
Energy Saving Companies (ESCo). This will create more green jobs and green
economy. This rapid hop toward use of solar technology will encourage the
investor to open business in this solar energy business including PV panels,
Charge regulators (MPPT), PV aluminum frames and structure, PV auto cleaning
using nanotechnology, AC/DC invertors and promotion and media companies in
such field.

The impacts of different renewable energy pathways on ecosystems and
biodiversity, and the implications of these impacts for transitioning to a Green
Economy have been discussed in detail elsewhere [45].

5. Establishment of new academic programs and courses in solar and other renewable
energy technologies in the higher education institute and technical organizations

The accelerated use of solar technology in GCC countries will attract students
to get registered in Science, Technology, Engineering and Mathematics (STEM).
Universities and Academia must prepare to such move and should align their
programs with such a need. It will be an opportunity to establish long-term part-
nership between universities in GCC countries with the other international uni-
versities in science and innovation collaborations. This will lead to boost in
faculty and student exchange program and flying professor program as well as
condensed international courses and programs. It will also lead to working strate-
gically with key stakeholders bilaterally across the world. This will foster closer
people to people contacts in our shared interest in stability and prosperity.

It has to be noted that in USA there are only 49 Bachelor’s degrees programs
in Sustainable Energy and 39 Sustainable Energy Master’s degrees. In GCC
countries there is no single BSc in renewable energy or a diploma although a set
of renewable energy education is proposed before 20 years through ISESCO by
the current author [46].

Kandpal and Broman [47] had made a review of published literature (376
references) on renewable energy education initiatives across the globe, challenges
faced and potential approaches toward efficient and effective solutions as in the
past 30 years a large number of countries across the globe have initiated academic
programs on renewable energy technologies and related aspects.

6. More concern and studies on disturbances to the main grid due to solar connection

There are many reasons for the fast dissemination of solar energy in the GCC
countries after a long lag, among them is renewable generation is made possible
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to connect to the grid, customers are made to receive incentives and are paid, and
appropriate deployment. Using solar electricity can be difficult to steer accurately
and can cause surges, i.e. very rapid growth over a few months then nothing for
a while) which is difficult for the installers industry.

Network integration is an important issue that must receive great attention in
opting for large and fast use of solar electricity. Electricity networks were
designed for loads not generators. Therefore, power can flow backward where
networks do this naturally and do it very well [48]. Network integration has the
advantage of eliminating the need for batteries and the need for local balancing.

Voltage control is important when using solar electricity at a large scale
because embedded generators cause voltage rise. In countries where networks
are short and well-engineered, then this is not an issue; otherwise, it is significant
(Saudi Arabia, Kuwait and UAE).

PV electricity (considered herein as distributed generators, DG) is normally
designed to be grid connected and not to Island. The reason it is considered as DG
is because the PV system is producing and distributing electrical power back into
our utility grid. Therefore, Islanding refers to the condition of a DG generator that
continues to feed the circuit with power, even after power from the electric utility
grid has been cut off. Islanding can pose a dangerous threat to utility workers,
who may not realize that a circuit is still “live” while attempting to work on the
line [48] . Designing to allow islanding is expensive and unlikely to be justified
with a reliable grid. Anti-islanding protection can lead to “block-tripping” which
is bad for the grid. This risk can be reduced by careful choice of inverters and
their settings and having fault ride-through capabilities. This is significant when
there is a large demand in solar electricity (more than 20% of the main installed
conventional electricity of the grid). The conventional system relies on the
rotating mass of all its conventional generators to provide inertia and keep the
frequency steady at 50 Hz while PV electricity provides no inertia. This becomes
a concern at high penetrations as once conventional is significantly reduced and
taken offline. In fact operating low-inertia power systems is a current research
challenge. An interconnector will help or expand the challenge [49].

The GCC countries should work hard from now on to make their interconnec-
tion with solar electricity have the following features [50]:

(a) Prevents the penetration of the harmonics into the power grid

(b) Avoids the requirement of having controllable at the DC side of the power
inverter

(c) Controls the power factor level at the point of interconnection with the grid

(d) Relaxes the constraint of synchronizing the inverter output voltage with the
power grid voltage

(e) Extracts (if possible) maximum power from PVG panels

7. Major reduction in Carbon footprint per capita in GCC countries.
According to Arab Petroleum Investments Corporation, the GCC countries rep-
resent 47% or 148 GW of the current MENA power-generating capacity [51].
The harsh environment of GCC countries with natural water scarcity and the vision
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of the leaders of these nations for development and prosperity have led to a rise in
the GCC’s demand for energy. GCC countries would require US$ 85 billion for the
addition of 69 GW of generating capacity and another US$ 52 billion for T&D over
the next 5 years. The GCC power capacity needs to expand at an average annual
pace of 8% between 2016 and 2020! Now assuming that if by year 2020 the solar
electricity represents 5% of the installed electric power—which is 10.85 GW out of
217 GW—then the saved CO, emission will be nearly 95 million tons! This means
that from year 2020 to year 2030 the saved CO, emission will be about 1 billion
tons! This is a considerable amount if we know that GCC countries had produced
1.17 billion tons of CO,—equivalent in year 2012 [29]! This will make the carbon
footprint is less than the current. It has to be noted that carbon dioxide (CO,)-global
energy-related CO, emissions—grew by 1.4% in 2017, reaching a historic high of
32.5 Gt [52]. The GCC countries emission may have reached about 1 Mtons.
8. Use of more efficient and low consumption household and industrial devices

Due to the future reliability on solar electricity for use in houses, building and
industry in GCC countries, it is expected that consumers will only purchase low
consumption and efficient appliances and devices since each kW of solar electric-
ity offers maximum of 1680 kWh (costing about US$ 3000) annually, while for
this energy we need only 5732.4 ft* of natural gas which costs about US$ 7 only
(knowing that each 1000 ft* cost about US$4). People will purchase five-star
appliances. The air-condition technology will witness great attention in GCC
countries so that each thermal ton should consume less than 1 kW of electricity.
A current air condition will operate for only 40 min if fed with 1 kWh, 1 h for
washing machine (rated 1 kW) and 125 h for an eight LED light [53]! Remarkable
effort, business and investment will be on reducing the electricity consumption to
make such appliance cope with the relatively expensive solar electricity.

9. Boost in battery industry for solar electricity storage

With the large dissemination and fast growth of solar electricity, which is
sustainable and free (after the subsidized pay-back period), investors and devel-
opers will think seriously in standalone solar houses or premises or factories,
especially, for rural but tourist attraction location. This will make them to invest
solar electricity storage devices, in particular batteries. The storage will be
important to overcome the mismatch between the time of generation and demand,
although in GCC countries the time difference is mostly just a few hours, while
in UK and Ireland it is much larger [49]. Storing cold, either in the building fab-
ric (concrete) or in ice (same water each day which not consuming water), will
be also an option for cool air storage at night making use of the excess of solar
electricity. This technology is straightforward and proven low cost. It is also of
low value when gas powered but will become very valuable.

In 2016, the first hints of a storage-driven transformation of the electricity
business had come in Hawaii where Sunrun company offered their Brightbox
product—a combination solar-plus-battery product—with a price of 19 cents per
kWh, which is almost 50% cheaper than grid electricity. By 2018, one in five
new residential Sunrun solar customers in California were choosing to add
storage [54]! The situation will be the same soon in GCC countries.


https://drive.google.com/open?id=1khJGqBq5aiiuuZ2PENa1MQd7_nJwdvgf
https://drive.google.com/open?id=1khJGqBq5aiiuuZ2PENa1MQd7_nJwdvgf
https://drive.google.com/open?id=1-02tCTc_7Vc_DC4-h2QYdUsgbXpwDmyH
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The prospects for solar plus storage are even more remarkable in the near
future which is forecasted to witness steep declines in battery costs—by 50% in
the next 5 years and by 70% by 2030. According to reports batteries aren’t just
getting cheaper but will also reach far outstripping predictions. Bloomberg
projected batteries crossing the US$300 per kWh threshold in 2022 and will
reach US$ 109/kWh in 2015 and further to as low as US$ 73/kWh.

13.4 Conclusion

The fast and accelerated execution of large PV technology projects in GCC countries
will have an impact in the region. Besides the reduction in the carbon footprint and
further cost of the solar W (low cost of kWh), many new businesses will flourish
such as battery storages for PV electricity, low power consumption air conditions
and devices, boost in green job and green economy, but policy makers must pay
great attention to disturbance in interconnection to grids.
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Chapter 14
Architectural Education for Sustainability

Check for
updates

Derya Oktay

14.1 Introduction

A prevailing problem with the current architectural practice worldwide is the design
approach which takes the visual aesthetics as the main and only objective, denying
the environment and environmental conditions. In this context, the majority of
architects unfortunately continue to see architectural design as the design of an
‘object’, although it is an undeniable reality that building design cannot be isolated
from its environment, and an architect, while designing a building, affects the
existing environment in a positive or negative way.

As the changes on the natural and built environment and the effects of global
warming are becoming more clear and the ecological concerns and the concept of
sustainability come to the forefront of the architectural and design agenda, it is obvious
that professionals who are environmentally responsible and efficient are needed more
than ever. In this context, in order to understand the reasons why architects cannot
develop appropriate responses in the context of a socially and ecologically sustainable
environment, the educational systems and approaches need to be interrogated, in addi-
tion to other factors. Although this issue is partially related with the preuniversity
education, we, as the architectural educators, are bound to spend efforts to fulfill the
requirements for the education of environmentally responsible architects. As an archi-
tectural education facilitates the development of critical thinking abilities, which can
be applied to solving problems and addressing situations beyond design, our respon-
sibility is not limited to the needs related to the built environment or environmental
issues alone. The critical thinking abilities of future architects can also be valuable in
designing an organisation or setting strategic goals and implementation plans.

The demand for change in the context of architectural education for sustainability
is not limited to the expectations of the institutions and/or educators. A comprehensive
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survey research presented by the American Institute of Architecture Students at the
‘Architectural Education After 50 Years’ Congress held in Oxford, UK, revealed
that the first three items in the list of nine expectations of the future architects from
architectural education and architecture were ‘ecological diversity and sustainabil-
ity’, ‘social responsibility’ and ‘global change’. These results could be considered a
radical change for Western societies, which were deeply influenced by modernism
for many decades. On the other hand, architecture programmes of the universities in
the West allocate a significant amount of resources towards study trips to countries
like Turkey, India, Mexico and the far-eastern countries, which are rich in terms of
traditional environment and historic heritage, together with research units, which
are founded for the study of regional architecture in order to create milieus for
teaching design with environmental responsiveness.

Today, in most architectural practices, the buildings are designed based on a
shape-oriented design approach as ‘objects’ and their use and users are often ignored
(Fig. 14.1). In fact, as Hagemann and Peets [1] highlight, the fundamental unit in
architecture is not the building itself, but the city; and as stated by Churchill (1874—
1965), ‘we first shape our buildings, and then they shape us’; a good urban form can
be a force to create a cohesive community as well.

Professional associations such as The Architects’ Directive 85/384/EEC, AIA (USA)
and RIBA (UK) highlight the importance of the issues of urban and social dimensions
in both undergraduate and graduate programmes in architecture. The Association of
Collegiate Schools of Architecture (ACSA), the American Institute of Architects (AIA),
the National Council of Architectural Accrediting Board (NAAB), the Architects’
Council of Europe (ACE) and the European Association for Architectural Education all
agree that the philosophy of sustainability and sustainable design must be imbedded in
the architectural design programme. The International Union of Architects (UIA) and
the United Nations Educational Scientific and Cultural Organisation (UNESCO) have
also published a document claiming sustainability as the heart of architectural educa-

Fig. 14.1 (a, b) An example of shape-oriented building designed with the intention of creating a
focal point through its form: The Guggenheim Museum Bilbao, by Frank Gehry (D. Oktay
Archive)
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tion (UIA and UNESCO 1996). This document highlights the importance of environ-
mental, social, cultural, economic and aesthetic needs and the development of built
environments that have sensitivity to ecology and sustainability.

In many architectural schools in the world, a rapid progress is observed in the
area of computer sciences and electronic media [5—7]. However, it cannot be said
that there is an advancement in the area of teaching related to the ecological sensi-
tivity and design in a local context.

In line with this, it is not surprising to see that the majority of the graduates are
interested in individual success and self-promotion, instead of long-term
contributions to the society. The problem here can be explained by the fact that the
concepts of sustainability and ecology, hence the concept of holistic design, have
not been fully understood yet, because most of the architectural products presented
as ‘ecological architecture’ are limited to those ‘green-washed buildings’ decorated
with green plants all over, and it is very rare to see those examples which safeguard
regional architecture, consider climatic design and are resources of renewable
energy (Figs. 14.2 and 14.3). In fact, sustainability is a more comprehensive issue

Fig. 14.2 An example of e
‘green-washed’ building
in Vietnam

Fig. 14.3 An example of
‘green-washed’ buildings
in Switzerland
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when compared to ecological design and is not limited to physical and natural
sustainability; it includes and requires dimensions of social-cultural sustainability
as well [2—4]. Therefore, as highlighted by Wright (2003) [9], architectural schools
need to recognize sustainability as a core issue of architecture, and to invest more
effort in order to ease their graduates into adopting a philosophy of sustainable
design.

14.2 Architectural Schools and Environmental Issues:
Exemplary Cases

It is certain that the vision, orientations and applications at the institutional level would
have an encouraging role on the efficiency and effectiveness of an education pro-
gramme regarding environmental issues. An exemplary case is the Taubman School of
Architecture and Urban Planning, where I was a visiting scholar in 2005. The University
of Michigan in Ann Arbor, USA, has also been leading in the field of sustainability.
The reflections of this perspective can be observed both on the campuses and in the
city. The presence of the School of Natural Sources, the use of natural materials in the
refurbishment of the historic college buildings, the design of some of the new buildings
and the floor covering and decoration and the use of the recycled toilet system are the
indicators of the environment-friendly and energy-conscious approach of the university,
together with the ‘Energy Fest’ organised by the university students, which prove the
students’ sensitivity to environmental issues and energy conservation [8] (Figs. 14.4,
14.5, 14.6 and 14.7).

The Michigan Solar House (MiSo), the completely solar-powered, renewable
energy-dependent 459 square foot innovation, designed and built by the students for
the 2005 US Department of Energy’s Office of Energy Efficiency and Renewable
Energy’s Solar Decathlon, was an exciting competition project that challenged col-
legiate teams to design and build energy-efficient houses powered by the sun over
the course of 2 years. More than 150 students and faculties from various university
colleges, including the Taubman College of Architecture and Urban Planning (the
main group) and 3 others, designed the house over the course of 4 years. Renewable
technologies being implemented in the solar house include a solar chimney which
captures heated air from the sun into glass spaces and vacuum tubes that transfer
solar heat into a closed-circuit water loop via heat pipes. This brings hot air inside
the house in the winter and expels it in the summer, to maintain desirable
temperatures. The project was said to have provided students with skills, mindsets
and perspectives different from those they would encounter in a classroom setting.
It enabled them to work together in a collaborative environment, which is a necessity
in the workforce today (Figs. 14.8 and 14.9).
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Fig. 14.4 The Energy
Fest—University of
Michigan (D. Oktay
Archive)

Fig. 14.5 The Energy
Fest—University of
Michigan (D. Oktay
Archive)

The concept of sustainability has been integrated into our teaching endeavours
too. We have a theory course devoted to ecological issues in architecture, a theory
course devoted to urban design and, in connection with this, a studio course dealing
with architectural design in urban context. In this particular studio I have coordi-
nated in two schools of architecture, Eastern Mediterranean University in North
Cyprus and Ondokuz Mayis University in Turkey, we aimed to provide students
with a comprehensive overview in designing for user and community, while enabling
them experimenting to overcome the conventional design issues of an architectural/
urban studio project including physical and ecological aspects of indoor, outdoor
and in-between space configurations; functions, overall form, structure, construction
techniques and site and city context; and the integration of psychological, sociocul-
tural factors to the design process and development (Figs. 14.10 and 14.11). This



Fig. 14.6 The Energy
Fest—University of
Michigan (D. Oktay
Archive)

Fig. 14.7 The Energy
Fest—University of
Michigan (D. Oktay
Archive)

Fig. 14.8 The Michigan
Solar House (MiSo) during
its construction (D. Oktay
Archive)
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Fig. 14.9 The Michigan
Solar House (MiSo) during
its construction (D. Oktay
Archive)

Fig. 14.10 (a, b) Exemplary student projects of ARCH 302 ‘Architectural Design in urban con-
text’ (Saya Kaynama and Azadeh Amirmashuri. EMU)

approach provides an opportunity to designing for the people and society that we are
living with and searching various types of architectural design themes fitting to this
local context; hence, it supports the vision of the school regarding architectural edu-
cation for sustainability.

14.3 Measuring the Environmental Efficiency of a School
of Architecture

Understanding the level of a school’s environmental sensitivity naturally requires
information as to what extent the programme connects with environmentally
responsible design and sustainable design philosophy. In line with the observations
and analysis in various institutions, establishment of a measurement method,
through which various aspects can be measured at various levels, emerges as a new
requirement.
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Fig. 14.11 An exemplary student project of ARCH 302 ‘Architectural Design in urban context’
(Oguzhan Bayrak, OMU)
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In this context, the following criteria are proposed to frame the issues (Table 14.1).
These criteria attempt to sample a programme across several dimensions, including
faculty, facility, students, curriculum and institutional setting.

Table 14.1 A guidance model for measuring the efficiency of a school of

architecture on

sustainability

Faculty members | Students Institution Curriculum Facilities

The number of The number of The number of The existence of | The existence
academic staff who | students memberships in a design studio | of campus

are members of participating in environment, course focusing | buildings with
certain associations | conferences ecology and on ecology and | ‘green’
specialised in focusing on design sustainable certificates
environmental energy-conscious | associations design such as
design (LEED-AP, |design and LEED-ND,
LEED-ND, so sustainability LEED-EB and
forth) so forth

The number of The number of The existence of a | The existence of | Respect to

journal articles and
conference papers
of faculty members
on the themes
environment and
sustainability

student
memberships in
environment,
ecology and
design
associations and
other societies

sustainability
strategy/plan at the
official level

a design studio
elective course
focusing on
ecology and
sustainable
design

energy density
index

The number of
faculty members
participating in
conferences
focusing on the
themes
environment and
sustainability

The number of
student societies
linked to
associations with
expertise in the
field of
environmental and
energy-efficient
design

The existence of
university target
towards more
environment-
friendly
architectural
environment both
for the old and the
new buildings

The existence of
a theory course
focusing on
ecology and
sustainable
design

Respect to
water density
index

The number of
faculty members
participating in
professional
societies and
activities focusing
on the themes
environment and
sustainability

The number of
students who
carried out funded
research projects
focusing on
energy-conscious
design and
sustainability

The existence of
seminar and
workshop
activities focusing
on energy-
conscious design
and sustainability
both in general
and at the level of
departments

The existence of
an elective
theory course
focusing on
ecology and
sustainable
design

Respect to
waste density
index

The number of
funded projects
focusing on the
themes
environment and
sustainability

Existence of a
website allocating
a page to activities
and opportunities
related to
sustainability and
energy-efficient
design

Existence of
courses focusing
on environmental
evaluation
systems, i.e.
LEED

Existence of
an active
recycling
programme
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14.4 Conclusion

In the era of globalisation, as big changes in cities cause environmental and social
problems, it is inevitable for architectural institutions to pioneer for consciousness
and orientations towards better relationships between architecture, city, society and
nature together with a practice of ecological design at all levels.

As we move forward, building curriculums to bring the lessons of sustainability
to all students, we need to bring the perspectives, contents and understanding of all
disciplines to bear on the problem. While architecture is generally seen as a profes-
sional, not academic, field, the architect’s experience and expertise relate directly to
many of the issues we face. Their experience with buildings, energy consumption,
materials and durability is critical to sustainability. That expertise needs to be
included, along with the expertise of other disciplines, in assisting students to better
understand the changing world.

A number of architectural educators are concerned about architectural education
for sustainability. The currently available rankings of sustainable architecture
programmes do not dispel such concerns. Because of the substantial impact of the
built environment on resource consumption and carbon emissions, students about to
embark on a career in architecture should be able to access consistently applied and
meaningful evaluations of an architecture programme’s engagement with green/
sustainable design. We believe that the sustainable programme rating system pro-
posed herein is a step in the right direction.

As presented in the proposed guidance model, the credibility of a school of archi-
tecture in terms of sustainability has various dimensions. These dimensions include
qualities and performances at the levels of faculty members, students, institution,
curriculum and facilities/opportunities. The university’s commitment to sustainabil-
ity would help support the culture of sustainability at all levels. The respect to inte-
grating the sustainability agenda into the architectural curriculum and ethos of the
campus is a must. Design-build studios; community-based projects, in local con-
text; urban and architectural conservation courses; quality of life and healthcare;
social equity; and sustainability are some of the aspects that should be available to
students.

In this context, what is understood from a more sustainable architectural
education is important; its meaning should be made clear and a set of criteria needs
to be defined within the limits of existing conditions. On the other hand, students
should be well taught about the significance of research for ecologically and socially
sustainable architecture, and a certain period in the course of design studio should
be allocated for research. Further, the importance of interdisciplinary collaborations
should be highlighted, and an institutional structure should be created in order to
support interdisciplinary research and development projects.

Without doubt, the application of this holistic approach, without compromising
creative and innovative attitudes, would not be easy, but be very valuable.
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Chapter 15
Dutch Efforts Towards Sustainable Schools

Check for
updates

Wim Zeiler

15.1 Introduction

In Europe, more than 64 million students and almost 4.5 million teachers work
inside a school in pre-primary, primary and secondary schools (EU 2015). School
buildings represent a significant part of the building stock (17% of the non-
residential sector in Europe) and also noteworthy part of total energy use (12%) [1].
In existing school buildings, there are very often nonoptimized systems in terms of
energy consumption [2]. As the results of the energy use of the built environment,
which is around 40% of the total energy consumption, become more clear (deple-
tion of fossil fuel and global warming), there is a demand for energy reduction.
Sustainability is a crucial issue for our future and architecture has an important role
to direct sustainable development. The ultimate goal is to create an energy-neutral
built environment. To reduce the high energy demand and pollution of greenhouse
gasses, the performance of the buildings has to be improved. The future policy
timeline to reach for all new buildings to be nearly zero-energy buildings is ambi-
tious: in 2021 all new buildings should be nZEB, and in 2030 30% of all buildings
renovated (after 2015) have to be nZEB. The definition of a ‘nearly zero-energy
building’ is described within the EPBD recast of the EU which specified that by
31st of December 2020, all new buildings shall be ‘nearly zero-energy buildings’.
Governmental buildings occupied and owned by public authorities will have to be
‘nearly zero-energy buildings’ by 31st of December 2018 according to the EPBD
recast. The actual definition of nZEB is given in Article 9 of the EPBD [3]: ‘Nearly
Zero Energy Building (nZEB): Technical and reasonably achievable national energy
use of >0 kWh/(m?y) but no more than a national limit value of non-renewable pri-
mary energy, achieved with a combination of best practice energy efficiency mea-
sures and renewable energy technologies which may or may not be cost optimal’.
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This clearly shows that especially at schools there is a need for a strong reduction
of the energy use. This led to a development trying to reduce the energy demand of
schools as much as possible and apply renewable energy. The first Dutch net zero-
energy school was already built in 2000 [4—6]. The school’s electricity consumption
is covered by 145 m? PV panels on the roof, while its heating needs around
16.000 kWh were covered by participation in a wind turbine park. After this the
development of low-energy schools came temporarily to a stop due to lack of fund-
ing by the government. This article will describe the latest developments and results
of renewed initiatives by a new stimulating funding program.

15.2 Methodology

Traditionally, the potential for energy reduction in the Netherlands was mainly
determined by the applications of building energy reduction measures according to
the Trias Energetica method; see Fig. 15.1. In the first design step, the energy
demand is reduced as much as possible by avoiding waste of energy to the environ-
ment by applying high levels of insulation and implementing energy-saving mea-
sures such as lowering the temperature in winter or increasing the temperature in
summer slightly. In the second step, all possibilities to apply renewable energy
sources are investigated. In the third step, the remaining energy demand is covered
by using fossil energy solution as efficiently as possible.

An adapted version of the Trias Energetica method, the five-step method, has
been developed and could be used in the future adding the integration of user behav-
iour as well as energy exchange and storage systems (buffer tanks, aquifer thermal
energy storage). In this way the energy demand becomes more flexible by its process

9.':. :

’

1
Adapt the energy demand to the building user

3
Use fossil
energy as
efficiently as possible

2

Reduce energy demand by
implementing energy saving measures

3
Apply sustainable energy sources

2

Apply sustainable
energy sources

4

Implement energy exchange
and storage systems

1

Reduce energy demand by avoiding
waste and implementing energy-saving measures

Current Trias Energetica method
Five step method

Fig. 15.1 The Trias Energetica method and the five-step method
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Use fossil energy
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control that is increasingly bottom-up rather than top-down. As a result the influ-
ence of the building’s user interactions is included in efforts towards unitary perfor-
mance metrics that capture both demand side (users) and power network side (grid).

In 2009 the Dutch government started their so-called UKP NESK program to
stimulate innovation for energy-neutral buildings. UKP means unique chances proj-
ects, and NESK means ‘Towards energy neutral schools and offices’ (Naar Energie
neutrale Scholen en Kantoren). In the NESK from 2009 program, there were eight
new school buildings additionally funded of which six new schools were really built
and one school renovated. Unfortunately it took for some project quite a long time
to get finished. For example, the school 1 was officially opened December 2015.
Recently the Rijksdienst voor Ondernemend Nederland (RVO) published their
results on the top 15 most energy-conscious schools in the Netherlands for 2014 and
2016 [7, 8]; see Figs. 15.2 and 15.3. A special case is the school 16; it was the only
renovation project within the NESK program. The other NESK schools are 1, 3, 7,
9,12 and 15.

The total energy consumption is determined to calculate the energy use for heat-
ing, hot water, cooling, ventilation and lighting. A more detailed study especially
concerning the indoor air quality of the 6 new NESK schools and other from the top
15 can be found in [7, 8]; here we will focus only on the energy aspects of the Dutch
most sustainable and energy-conscious schools of the Netherlands up to 2016.

Quite remarkable is that the most energy-conscious school one of the original
NESK projects is school 1. As can be seen from Fig. 15.4, there is quite a difference
between the schools according to their energy use, ranging from 60 kWh/m?y
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Fig. 15.2 Overview energy balance of the seven NESK schools within the top 15 energy-efficient
schools of 2014 and 2016 [7, 8]
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Fig. 15.4 Overview energy generation by PV panels of school 1 [9]

(school 2) towards 130 MJ/m?y (school 11). The number one school in the top 15 of
the combined 2014 and 2016 list[7, 8] is a primary school located in a multifunctional
building (MFA) including a childcare, gym, school of music, a cafe and meeting
rooms. Constructional and installation technical measures contribute to the degree
of energy efficiency of the building. Sustainability has played a major role in deter-
mining the materials. In addition, a high thermal conductivity is obtained in the
structural elements to prevent large heat losses. The open fagade parts consist of
frames with three-layer glass. Solar screens are provided to prevent overheating.
Not only the prevention of energy loss is involved, but also the way of generation,
transport and delivery is important. The school uses a 150 kW biomass boiler fed
with wood pellets. Besides this the school building generates a lot of energy due to
the large amount of solar panels on the roof, in total 135 kWp: 41% of the generated
energy is used by the school, and the rest is delivered to the grid; see Fig. 15.4.

A first step to minimize the energy demand is to look at the actual behaviour and
occupancy in relation to the ventilation need, which is directly related to the number
of pupils in a specific classroom and their CO, production. So this demand-driven
ventilation is a good step to reduce the energy demand by the ventilators. A similar
measure in this step is the occupancy detection for the control of the lighting and
daylight control. This is to minimize the use of artificial lighting, thus reducing the
electricity demand.

An important second step to reach nZEB is the application of the passive house
strategy. This leads to energy savings on heating of 80% compared to conventional
standards of new buildings. The general definition of a passive house is that the
energy consumption is limited to around maximum 15 kWh/m?y for space heating
and around maximum total of 120 kWh primary energy/m? for heating, domestic
hot water and electrical consumption by electrical equipment and lighting. To meet
these criteria, the passive house concept focuses first and foremost on reducing the
energy demand of the building. Analysis of passive house solutions shows high
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priority with regard to the performance of the thermal envelope: high insulation of
walls, roofs, floors and windows/doors, thermal bridge-free construction and air
tightness.

When we look at the different energy needed for heating, there is also some quite
remarkable difference, for example, school 12 with 7 kWh/m?y compared to
33-34 kWh/m?y for schools 4 and 23. This is mainly due to the fact that some
schools were built according to the passive house standard (schools 12, 14, 17, 20
and 22) which means high level of insulation (R, value up to 10) accordingly low
energy losses and low heating demand.

In Table 15.1 an overview is provided of the different heating concepts, as well
as focus on the concept of the energy system. Quite remarkable, that besides the
four schools which are connected to a district heating system, all other schools are
using a heat pump besides school 1 which uses only a biomass pellet boiler.

Table 15.1 Overview of different techniques used for heating/cooling and principle ATES

Pellet | Borehole | District HR Ventilation CO,

School |HP |ATES |boiler |HE heating boiler system control

1 X MS/E + HR +

2 X X MS/E + HR +

3 X X MS/E + HR +

4 X MS/E + HR +

5 X MS/E + HR +

6 X X X MS/E + HR +

7 X X MS/E + HR +

8 X X MS/E + HR +

9 X X MS/E + HR Partly
10 X X MS/E + HR +
11 X X MS/E + HR Partly
12 X MS/E + HR Partly
13 X MS/E + HR +
14 X MS/E + HR +
15 X MS/E + HR -
16 X X MS/E + HR +
17 X MS/E + HR Partly
18 X X MS/E + HR Partly
19 X X MS/E + HR -
20 MS/E + HR -
21 X X MS/E + HR -
22 X MS/E + HR +
23 X X MS/E + HR -
Total 15 |10 3 1 5 2 23

HP heat pump, ATES aquifer thermal energy storage, HE heat exchanger, HR heat recovery, MS/E
mechanical supply/exhaust
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Schools have typically have a high internal heat load (heat generated by people,
lighting and buildings), as a result, the required amount of cooling is significantly
higher than the average building. Nowadays modern school buildings have reached
the insulation quality at which the amount of cooling required during the summer
roughly equals the amount of heating needed during the winter. Hypothetically this
means that if all heat could be stored within the building, no external heat source
would be needed throughout the year. The storage of such large amounts of (low-
quality/low-temperature) heat within the building would require vast amounts of
high heat capacity materials like thick stone walls (as in churches, castles) or phase
change materials (PCMs). A more feasible option is to store the energy outside the
building. An increasingly popular solution is energy storage in the groundwater
below the building. This groundwater is stored in porous sand layers, called aqui-
fers. Therefore, this method is called aquifer thermal energy storage (ATES). Itis a
different way of generating cold where water from a well in the ground is being
cooled in winter, stored and used in summer. Often this system works in combina-
tion with a heat pump in order to ensure the required temperature difference for
cooling is reached. The principle of an ATES system is based on transferring
groundwater between two separated storage wells. During summertime water is
extracted from the coldest well and used to cool the building. During cooling, the
water temperature increases from approximately 8 to 16 °C. The heated water is
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injected in the warmer well and stored until winter season. During winter the
extraction/injection flow is reversed, and the heated water (which still has a tem-
perature of approx. 14 °C) is pumped back to the building. Using a heat pump,
the heat is extracted and converted to higher temperatures to heat the building. The
water is cooled to approx. 6 °C and is injected in the cold well. A heat exchanger
between the groundwater and the building system water is used to avoid contamina-
tion of the water. An optimal performing ATES system can deliver very efficient
cooling. The case-study system, for example, uses a 1| kW well pump that delivers
10 m*h of cooling water with a AT of 8 K between extraction and injection. This
equals roughly 100 kW of cooling power and a coefficient of performance (COP) of
100. For comparison, a regular (compression-based) cooling system reaches a COP
between 4 and 6. The energy gains (compared to a conventional system) for heating
are not that significant, because the stored low-temperature heat is not directly
applicable in the building. Because of these favourable conditions, the use of ATES
systems in the Netherlands has become increasingly popular since the first installa-
tions in 1990.

When looking at the average yearly energy consumption for lighting of the dif-
ferent schools, there is not too much difference with exception of school 11; see
Fig. 15.6. The amount of installed lighting power is reduced in the last 5 years from
10 W/m? to around 4 W/m? through the use of more efficient LED lighting arma-
tures. Lighting controls reduce or eliminate electric lighting in response to daylight-
ing to encourage natural light as the primary source of illumination in spaces and
learning streets; see Fig. 15.5.

For ventilation, see Fig. 15.7 quite large difference occurs: schools 1 and 13 use
only 8-10 kWh/m?y, whereas school 10 uses not less than 42 kWh/m?y, so more
than four times more. This is rather strange as the program of demand for ventila-
tion of classrooms is rather fixed, and therefore you would not expect such large
differences. So clearly the difference has to come of the ventilation effectiveness
within the classroom as well as the optimizing of the pressure losses within the
ducts as well as in the air handling unit (Fig. 15.7).

Energy use heating

z
B
N
ES
15
w | | “‘
5 l |
0
12 3 g8 9

10 11 12 313 14 15 16 17 18 19 20 21 22 23
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15.3 Discussion and Conclusions

School buildings on account of their public educational purpose have a major social
responsibility. Therefore their energy performance is of great importance [10]. All
energy comparisons with the new nZE Dutch schools are based on data provided by
RVO from 2014 and 2016 [7, 8] as an overall estimation of how much energy each
school is expected to use per square meter; these were compared to results from
other studies [11-16]; see Fig. 15.8.

Within the Interreg SUDOE ClimACT project (www.climACT.net) [12], pilot
schools were selected in Spain, Portugal and France to evaluating their initial
energy performance. Spanish pilot schools, located in a warmer climate, present the
lowest energy consumption 56 kWh/m?y, Portuguese schools consume an average
72 kWh/m?y, and French schools 208 kWh/m?y. Clearly, energy use varies widely
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Fig. 15.8 Comparison energy consumption of different school types and different countries [7, 8,
10-16]

with the specific school typology, age and climate region. For example, in hot dry
climates, cooling can account for a major part of total energy consumption, whereas
schools in a cool climate don’t have cooling demand at all. For the heating demand,
things are the other way round. Schools in cloudy areas consume more energy for
lighting than those situated in sunny areas.

The energy consumption in the real situation might diverge due to different use,
operation, maintenance and weather conditions. As it was impossible to get reliable
real energy consumption data, the data from RVO was used. All the NESK schools
were intended as energy-neutral concepts, but did not succeed always. However this
first series of nZEB schools led to an intensive development in energy-conscious
schools, and now there are even net positive energy schools. The Rijksdienst voor
Ondernemend Nederland (RVO) has made a white paper for the ministry of Internal
Affairs and Kingdom relations about the experiences of four of these nZEB schools.
This proved that the schools were actually performing rather well, but still it is very
important to commission them well and to have kind of continuous commissioning
as well to keep everything working.
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Chapter 16 )
Demand-Side Energy Flexibility
Management of Office Buildings

Check for
updates

Wim Zeiler

16.1 Introduction

People need buildings to protect them against the environmental conditions to be
able to work and live. Building services make it possible to provide comfort and an
acceptable indoor air quality for building occupants. However, with 40% of the
energy use within the developed world and 36% of the CO, emissions, the built
environment is one of the most important areas for sustainable development [1]. The
increase of power grid connected renewable energy sources (RES) has resulted to
change in power generation characteristics and grid operation from ‘passive’ to
‘active’ [2] due to the stochastic nature of sources like the sun and wind. Buildings
with integrated RES become energy producers and possibly supply energy towards
the grid, creating multidirectional energy flows on lower grid levels (Fig. 16.1a)
[3-5]. The ‘active’ role of the energy consumers is crucial in the success of smart
grids [1, 6], and all actors should participate. Balancing the energy mismatch
between supply as well as from ‘bottom-up’ demand-side; the building, see
Fig. 16.1b, is essential. Subsequently, improved ‘flexible’ energy management
between the power grid and connected buildings is mandatory. Load flexibility, due
to controllable load systems and battery energy storage systems (BESS), can help in
handling the energy supply and demand mismatch by switching off or on for certain
periods of time, when congestions may occur on grid level. With these interventions
the grid reliability increases; however the load shifting operations come with indoor
comfort requirements and rebound effects as will be discussed along this paper.
To validate this strategy, field experiments were conducted in an office building to
evaluate alternative methods; more details can be found in [7, 8].
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Fig. 16.1 (a) Multidirectional energy flow. (b) The smart grid approach [5]

16.2 Methodology

Traditionally, the potential for nZEBs in the Netherlands was mainly determined by
the possible applications of building energy reduction measures according to the
Trias Energetica method; see Fig. 16.2. An adapted version of the Trias Energetica
method could be used in the future adding the integration of user behaviour as well
as energy exchange and storage systems (smart grids). Especially these possibilities
become crucially important for nZEB because of the intermittent characteristics of
most renewable energy sources. Energy exchange has great potential for reducing
energy demand, especially when buildings with a specific heat or cold demand are
combined (e.g. nursing homes, ICT data centres, swimming pools or other sports
facilities like ice rinks, offices and houses). Coping with complex and unpredictable
factors related to decentralized renewable energy source (DRES) and the grid
requires a more flexible approach to process control that is increasingly bottom-up
rather than top-down. As a result the influence of the building’s design and its users’
interactions becomes more important. It is widely recognized that increasing energy
flexibility is key for the reliable operation of future power systems with very high
penetration levels of RES [9]. In general two kinds of flexibilities can be distinguished
in energy infrastructures [10]:

1. Architectural, enabling modifications of system configurations to future uncertainty
2. Operational, allowing energy modification by operating strategies without changes
of the systems themselves

Performance results for operation of thermal comfort systems in demand-side
flexibility modes indicate that improvements are needed for both models of flexibil-
ity towards unitary performance metrics that capture both demand side (buildings)
and power network side (grid). Clearly the energy demand characteristics of
buildings, available from building energy management systems (BEMS), are very
valuable information on flexibility for grid optimization. Smart control of energy
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consumption and generation inside (nanogrid) and around buildings (microgrid) can
provide major flexibility contributions to address the imminent energy problems
within the total energy infrastructure, the smart grid (SG), within the boundaries of
acceptable comfort levels.

The IEA Annex 67 defines building energy flexibility [11]: its ability to manage
energy demand and generation according to local climatic conditions, occupant
needs and energy grid requirements. To cope with the total complexity, a functional
layered approach is proposed; see Fig. 16.3.
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16.3 Energy Flexibility

Power system flexibility is needed to mitigate the power grid uncertainties [12].
Flexibility control is a strategy which describes the ability of a system to handle and
respond to changing requirements [13]. In view of the grid environment, power
system flexibility can be defined as system’s ability to continuality balance the
electricity supply and demand in effective way, while maintaining the required
comfort services towards the building’s users [14]. The ‘active’ office building with
‘flexible’ loads requires demand-side management (DSM) to control building load
systems and realize optimization goals such as energy efficiency and cost reduction.
Gellings [15] defined DSM from the building (utility) perspective as the planning
and implementation of those electric utility activities designed to influence cus-
tomer uses of electricity in ways that will produce desired changes in the utility’s
load shape. As a result of the performed DSM techniques, new energy profiles arise.
DSM includes a variety of techniques to accomplish the objective load shape;
examples are peak shaving and valley filling. In [16] six DSM techniques are
described; this article focuses on two of them: load shifting and flexible load shape;
see Fig. 16.4. Load shifting describes the technique in which loads are rescheduled
from peak to off-peak periods. The DSM technique flexible load shape presents
controllable load systems during critical periods. This technique relies on a set of
actions that respond to the need of the grid; the actions are related to power system
reliability of the moment.

For the DSM load shifting techniques, building systems are operational during
shifted periods of time, preferably off-peak. However, this is not always possible due
to the ‘rebound’ of building load demand units [17]. For example, the demand load
chiller operates on highly reduced capacity for half an hour; within this half hour, the
indoor comfort is maintained. After the half hour, the chiller has to operate on full
capacity to compensate the downtime and keep comfort parameters between the
required boundaries, creating a rebound effect as shown in Fig. 16.5. These new
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Fig. 16.4 Six DSM techniques [14]



16 Demand-Side Energy Flexibility Management of Office Buildings 213

A

A Load shifting
\" with rebound

Qriginal energy
profile =

Power

Time

Fig. 16.5 Rebound effect to compensate downtime

peaks may disturb the power grid balance and have to be taken into account for DSM
technique development. The consequence of rebound demand may be significant at
grid level as a result of cascaded effect of multiple buildings [18].

16.4 Multi-agent System (MAS)

New integral approaches are needed to increase the buildings’ energy flexibility
towards the smart grid. Traditionally the energy approach towards the built
environment is top-down (centralized energy generation/distribution through the
smart grid). Instead, we want to use a middle-out approach (control on building level
by the BEMS) as well as a bottom-up approach (demand driven by the human needs
for energy/comfort); see Fig. 16.2. Energy infrastructure’s functionalities boil down
to energy management making use of the flexibilities of all grid-connected systems
which will lead to a better balanced and controlled network at all levels. The energy
demand characteristics of buildings available in BEMS represent crucial informa-
tion for grid optimization [19] to activate participation of buildings in the grid.
Intelligent agent technology offers intriguing possibilities to implement advanced
DSM control strategies and management of the smart grid [20, 21]. In artificial intel-
ligence, agents are physical or virtual entities that intelligently interact in an envi-
ronment by both perceiving and affecting it. Consequently, an agent can be described
as a computational system with a high degree of autonomy performing actions based
on the information received from the environment. Within a MAS, agents interact to
achieve cooperative (e.g. distributed problem-solving) or competitive (e.g. coalition
formation, auction) group behaviour. Agents with various functionalities achieve
this by sharing a minimum amount of information between modules and asynchro-
nous operation implemented via message exchanges [22]. The agents are designed
using an open-source web-based and fully decentralized agent design platform
called EVE [23] and couples to the BEMS.
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16.5 Test-Bed Office Building

The test-bed building is a three-floor office building covering a space of
approximately 1450 m2. A constant air volume (CAV) ventilation system, which
comprises an air-handling unit (AHU), heat recovery wheel and an electrical
steam humidifier, provides space ventilation and air-conditioning. The building is
composed of three thermal zones having both open-plan flexi workspaces and cell
offices with building occupancy ranging from between 20 and 35 occupants. The
test-bed building had an averaged peak load of 36 kW in 2014 and a peak load of
42 kW composed of 12 kW, 5 kW, 15 kW and 10 kW for lighting, ventilation,
humidification and appliance load, respectively. Besides 65 photovoltaic panels,
the building has a quite unique battery electric storage system (BESS). This BESS
is based on a modular bipolar nickel metal hydride (NiMH) battery. It is
‘completely’ (99%) recyclable and suitable for a large number of cycles. System
nominal voltages are possible in steps of 12 VDC sizing to any required voltage.
One module consists of ten cells, of 1.2 VDC; together this is one module. One
pack can be made of 10 modules in series for larger capacity and higher voltage
to 120 VDC. When these packs are placed in a string, the nominal system voltage
can be increased. Since the stack is flat, each end plate is an electrode pole
(bipolar). Details are given in Table 16.1 and Fig. 16.6. The bipolar technique has
uniquely low internal resistance between the internal celss due to the use of the
whole plate surface as electrode pole for a uniform current flow. High charge and
discharge rates are possible up to 3C (three times the battery capacity).

Table 16.1 Main components of on-site EES [7]

Component Function/comments

Schneider Electric 32 A | Control system; connects to the building’s electrical installation

control box infrastructure/metre box. Also equipped with MCB and energy metre

25 kVA transformer Transformer; steps down the voltage from 500-800 VDC to
300-400 VDC

KEB F5 23 kVA AC/DC bidirectional inverter; converts DC power from the battery to

bidirectional inverter AC power output and vice versa

Eaton PLC Battery Battery management unit; manages the power quality, charge and

Management Unit discharge operations

Relies on Modbus RS-485 connection for communication; this is
converted to

TCP/IP port to communicate with the existing building management
system (Insiteview BIVIS)

Also fitted with sensors for monitoring battery voltage, pressure,
temperature and current

Battery storage units Nickel metal hydride (NiMH) battery type; 500-800 VDC, 42 kWh
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Fig. 16.6 Nilar modular battery technology [24] and diagram and photograph of installed EES

16.5.1 Chiller Load Shifting Experiment

During the summer period, different tests were conducted to obtain knowledge about
the flexibility of the chiller by switching the load system chiller off for certain periods
of time. Thereafter the effects of the load shifting strategies on the indoor temperature
were analysed. The following three strategies were applied: (1) two load shifting peri-
ods of half an hour, (2) a load shifting period of 1 h and (3) a load shifting period of
1 h and two shifting periods of 15 min. The measured results of the strategy are shown
in Fig. 16.7. In this figure three additional temperatures are shown, which are the
room temperature, the outdoor temperature and the supply air temperature. Figure 16.7
shows that the room temperature as well as the supply temperature is increasing when
the chiller is switched off. The measured room temperatures can be found in the 80%
lower tier and 90% acceptance tier of the ATG thermal comfort limits (Fig. 16.8).
These results are shown in Table 16.1; for all three strategies, the highest percentage
of the temperature is addressed to class A (thermal comfort can be considered good).
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Fig. 16.9 Power characteristics FSCD—60 min OFF and 30 min ON duty cycle [7]

The rebound effects are found in Table 16.1. The rebound power output ranges from
17.1 to 21.3 kW; the capacity fluctuates from 2.9 kWh up to 9.1 kWh. What can be
seen is the power and capacity of the rebound are depending on the moment during
the day and the load shifting time interval. During Fixes Schedule Cooling Duty
(FSCD) tests, rebound power demand was experienced of more than double the
cooling demand at thermostatic setting (Fig. 16.9). The resulting rebound power
demand is attributed to fulfilment of delayed cooling requirement built up during
period of ‘off” cycle. Avoidance of rebound power demand during FSCD is only
possible with designing duty cycling periods in a manner that ensures the thermal
storage is balanced with overall heat gains in the building. Specific time characteris-
tics during the FSCD tests are presented in Table 16.2. On period = comfort recovery
and OFF period = available period. Combining FSC duty cycling (FSCD) with EES
operation mode I for the actual installation improves flexibility (demand reduction)
by a margin of 2-10% depending on the profile and hour of the day; flexibility
(demand reduction) upwards by a margin of 0—4% above that for FSCD only the
flexibility offer by the building improves as a result of integrated uniform discharge of
storage, and FSC duty cycle improves the time characteristics of the building for
emulated power flexibility activity.

Subsequently, relatively stable and continuous time characteristics result; avail-
ability period is extended by 160 min and response time improved to under 1 min.
However, increase in system size beyond the actual installation (i.e. 42 kWh) does
not improve power flexibility potential for the case of uniform discharge at 5 kW for
3 h when combined with cooling. Details are illustrated in Fig. 16.10. Evidently,
battery operation modes significantly reduce or compensate for the instantaneous
rebound cooling demand that results after 60 min of the cooling system being
switched ‘off’.

It is also shown in Fig. 16.10 that use of EES systems lengthens the period of grid
support activity service. This is especially important because FSCD can only be
available for a period of 20—40 min just like services such as load following, trans-
mission and distribution infrastructure deferral, demand shifting and peak reduction
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Table 16.2 Thermal comfort and rebound effects of the three strategies
Shifting interval Running outdoor temp. Class B/Class A Power/capacity
Strategy 1 20.11 °C 12%/88% 17.1 kW/2.9 kWh
1 x 30 min 18.7 kW/3.1 kWh
1 x 30 min
Strategy 2 22.18 °C 21%/79% 19.2 kW/6.1 kWh
1 x 60 min
Strategy 3 24.12 °C 9%191% 18.7 kW/4.4 kWh
1 x 60 min 21.3 kW/7.4 kWh
1 x 15 min 21.0 kW/9.1 kWh
1 x 15 min
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3. BL, CF & BFII: Gross building load with FSCD & battery flexibility mode Il taken into account
4. BL: Gross building load

5. PV gen: PV electricity generation

6. AV1 & AV2 are the availability period for FSCD and battery flexibility Il respectively

Fig. 16.10 Rooftop PV generation, building load profile and power flexibility using cooling duty
cycling and electrical storage discharge for summer/spring time [7]

and variable supply source integration. Spinning reserve and non-spinning reserve
require continued presence of over 1 h. In the process, self-consumption of generated
power is intensified. By increasing self-consumption in the building, rather than
power allowing flow back to the grid, chances of peak shaving of on-site PV
generation are increased by at least 10% of the installation load along with costs
deduction in form of network charges.
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16.6 Conclusion

Demand-side management strategies such as demand-driven control and demand
response have the potential to contribute worthwhile improvement to a building’s
energy performance as well as in the management and control of the smart grid.
While advancement in process control has improved the quality of information
obtainable from buildings promoting improved energy efficiency through demand-
driven control, on the other hand, buildings participation in demand response events
is still vastly limited.

In this article we proposed a bottom-up push strategy based on the actual
components and comfort demands aimed at improving buildings participation and
responsiveness to DR events by DSM. For participation in DR, there is often a
minimum amount of load required by the utility companies for participation. As
observed from the test-bed office building, the available service used in populating
was below 20 kW. Although additional services from lighting loads could be
achieved, being a medium-sized building, its contribution might not be sufficient as
around 100 kW is often required for participation.

Due to the limitations posed by the centralized nature of the HVAC system in the
building, further experimental studies are being conducted in office buildings having
a more decentralized system.
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Chapter 17
Toward Green Building and Eco-cities
in the UAE

Riadh H. AL-Dabbagh

17.1 Three Climate Change Priorities

By looking at end use categories for energy, we see that we must focus on cleaner
building and vehicle technologies. In both cases, it is of course a choice between
systems using carbon fuels and systems using clean electricity [3]. Very simply, we
need clean tech buildings, clean tech vehicles, and clean electricity generation [4].
Promoting these three should be seen as most important when we ask “What should
we do?”

The most proven non-carbon ways to generate electricity are solar energy, hydro
generation, and wind turbines. Equally important is conservation which is using less
energy, while still heating and cooling buildings and keeping the lights on. As world
population grows, it may seem impossible to conserve energy, but we can, if we
adopt green building technologies [12].

17.2 Buildings Are the Key

Buildings are responsible for more emissions than any other contributors, represent
about half of our energy use, and also have the potential to provide a dominant
everyday reminder of the importance of change and our ability to triumph over the
difficulties facing our planet. Superior approaches to human shelter will contribute
more than any other initiatives to the psychosocial momentum now needed to col-
lectively alter our course toward a better tomorrow (Fig. 17.1).
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Fig. 17.1 Development of
buildings in the UAE

17.3 The UAE Vision 2021

The National Agenda of the UAE focuses on:

. Improving the air quality

. Preserving water resources

. Increasing the contribution of clean energy
. Implementing green growth plans

O R S

[y

. Improving the Quality of Air
The establishment of a national air emissions inventory is expected to provide
useful, up-to-date, and comprehensive data on pollutant emissions, that main-
taining an accurate, reliable, and comprehensive inventory is crucial to inform
policies on air quality management going forward. Improving air quality is one
of the goals of the UAE Vision 2021, where the National Agenda aims at raising
the rate of air quality in the UAE to 90 percent by 2021.
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Fig. 17.2 Improving air
quality

In collaboration with the Global Green Growth Institute, GGGI, the project

will be implemented in two phases. The first phase will involve developing a
methodology for an air emissions inventory for the UAE based on best practice
and stakeholder consensus. The second phase of the project will aim to deliver a
full-scale national inventory that covers all major point, line, and area source
(Fig. 17.2).

2. Preserving Water Resources
An indicator that measures water overuse by monitoring freshwater usage
(including surface water, renewable water, and fossil water) as a percentage of
overall renewable water in the UAE. The result is weighted to take into account
desalination and waste water treatment (Fig. 17.3).

3. Increasing the Contribution of Clean Energy
The UAE government wants to ensure sustainable development while preserving
the environment and to achieve a perfect balance between economic and social
development (Fig. 17.4).

4. Implementing Green Growth Plans
The UAE aims to showcase the country’s major achievements and approach in
transforming into a green economy [6], diversifying economy and energy
sources, and integrating environmental aspects within all development plan
(Figs. 17.5, 17.6 and 17.7).

Strategic objectives for UAE regulations:

1. Reduce UAE Ecological Footprint
The UAE ecological footprint dropped to 7.75 ha per person last year, down
from 11.68 ha in 2006; the decrease was because of improved environmental
sustainability, through the country’s adoption of the Ecological Footprint initia-
tive. The UAE is the third country in the world to do so after Switzerland and
Japan. According to the 2014 Living Planet Report, five countries—China, the
United States, India, Brazil, and Russia—account for 47.2% of the world’s eco-
logical footprint. Despite UAE urban growth, which brings more carbon emis-
sions and a greater ecological footprint, efforts to promote a greener economy
and environmental policies have improved the situation. The UAE has set
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Water efficiency

Reducing water
consumption and
protecting water quality
are key objectives in
sustainable building.

To the maximum extent
feasible, facilities should
increase their
dependence on water
that is collected, used,
pi'-llriﬁed' and reused on-
site.

Fig. 17.3 Water efficiency

Fig. 17.4 Moving toward depending on renewable energy

standards to ensure lighting product imports are energy-efficient, especially for
the housing sector [7, 8], which represents 57% of the country’s ecological foot-
print. The government also aims to develop standards for fuel and cars, to reduce
carbon emissions (Fig. 17.8).
2. Reduce Electrical Consumption by 20%

The UAE aims to cut energy consumption by 20% by 2020, as it enforces an
energy-efficient building project, “Buildings use 70% of the energy that the
country produce,” and “To get the country green, that needs to target the biggest
consumer—the buildings, whether residential or commercial.” The efficiency of
the program, called the green building project, was started as an initiative in 2008
by the Supreme Council of Energy [10], Electricity and Water Authority [3].
In 2011, it became mandatory for all government buildings to adhere to the
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What are Green Buildings?

A Green building is:
Designed and operates exactly as it was intended or even better
Third party verified certification that helps owners measure and manage their properties
Promotes healthy, durable, affordable, and environmentally-sound practicesin building design & construction
Informational and helps guide decision making = nutrition label approach - in the built environment

Green Buildings
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Reduced energy use by 24-50

Fig. 17.5 Major achievements and the approach in transforming into a green economy

Designing “Green” doesn’t mean “Green”
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Fig. 17.6 Green building design based on an occupancy of full building capacity

program. However, this year it was extended, requiring all new buildings to be
energy-efficient (Fig. 17.9).
3. Reduce Water Consumption by 18%

The Federal Electricity and Water Authority (FEWA) has managed to save 53.44
million gallons of water last year [3]. The 18% reduction in consumption, as
compared to that of 2014, followed a nationwide conservation award that saw a
stiff competition from housewives, schools, and mosques. Schools set a big
example by saving up to 35.34 million gallons of water that represented 25% cut
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Ecological Footprint

UAE enjoys a high level of human development, but at the cost of a large ecological footprint
An Average person in the UAE consumes 10 times more energy than world average, emits 5
times more CO2 emission and consumes 6 times more electricity than world average
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Energy Efficiency in buildings

Holist approach for energy efficiency in buildings
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Fig. 17.9 Holist approach for energy efficiency in buildings

as compared to 2014’s consumption. Those were followed by the mosques cat-
egory, which saved 10.04 million gallons of water or 18% drop in comparison
compared to 2014’s water consumption. “Housewives came third after saving
8.1 million gallons of water that represented nine per cent reduction in consump-
tion compared to 2014’s water consumption, The Eastern region (B) led the
country in rationing with 13.42 million gallons of water saved or 30 per cent
drop as compared to 2014’s consumption.” However, the Western region (A)
managed to save 16.71 million gallons of water, but that represented 22% drop
in comparison to 2014’s water consumption. The Ministry of Justice, represented
by the courts in the emirates of Fujairah, Umm Al Quwain, and Diba Al Hisn, in
Sharjah saved 584,186 gallons of water, whereas the Ministry of Interior in
Fujairah saved 188,380 gallons of water. The Emirates Conservation Award is
meant to promote conservative consumption of water and electricity and instill
the values of rationing in young generations. Participation is open to all nation-
alities. The list of winners included Emiratis, Arabs, and Asians. “The targeted
conservation was 12%, however, some families managed to reduce consumption
by up to 60 and even 80%. Fewa, in collaboration with strategic partners, has
earlier installed 25,000 water-saving gadgets at 64 mosques and 60 schools. The
award, The first edition of the Emirates Conservation Award saw 2810 residen-
tial participants, including 506 Emiratis and 2304 expatriates, but only 1124
were qualified. The list of top winners included 18 homemakers—three in each
of the six regions involved in the competition (Figs. 17.10 and 17.11).
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* UAE energy demand is expected to double by 2020, water demand is expected to grow by 44% by 2025 (UNEP,

2013)

* The desalination fuel requirements alone will take up 20% of the total fuel production by 2030 (MoFA, 2012b)
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17.4 Smart Cities

The UAE is one of the most urbanized countries in the world, with 85 percent of its
population living in urban areas in 2014. The urban population is forecast to con-
tinue growing and should reach 91 percent of the UAE population by 2050, accord-
ing to the UN. The UAE therefore needs to have integrated infrastructure planning
as a prerequisite to any urban master plan [7].

Smart cities allow city planners to improve efficiency at the intersection of dif-
ferent infrastructure sectors.

Perhaps the best way of doing this, which takes advantage of digitization and the
big data that urban populations produce, is through the so-called smart city approach.
Although the term smart city does not have a formal definition, it typically entails
integrated infrastructure planning that applies digital technologies to deliver better
services and, critically for the UAE, reduce energy consumption [1]. The shift to
smart cities is still in its early stages, and the overall relationship between improved
urban design and the total sustainability effect of those initiatives has yet to be mea-
sured. The transition to smart cities entails overcoming the inertia that stems from
ingrained habits, whether in terms of urban planning or citizens’ behaviors. It also
requires the development and implementation of coherent government policies that
will deal with the complex changes that smart cities engender. Nonetheless, there is
a broad consensus that smart cities will improve energy efficiency. By adopting a
more comprehensive approach, smart cities allow city planners and managers to
improve efficiency at the intersection of different infrastructure sectors, such as
electricity, water, transport, telecommunications, cooling, and waste [2]. The num-
ber of smart cities is projected to triple worldwide by 2025 because of these
advantages.

The number of smart cities will more than treble over the next decade (forecast
totals) (Fig. 17.12).

One advantage of smarter urban electrical grids is that they monitor usage over
time and so can encourage the more efficient consumption habits that lead to signifi-
cant decreases in usage. For example, electricity demand in Abu Dhabi has been
growing by more than 10 percent a year, which exceeds the emirate’s remarkable
annual population growth rate of 9 percent. In response, the Abu Dhabi government

2015 2016 2017 2018 2025

Fig. 17.12 The future growth of smart cities
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has deployed an advanced metering system that offers a wide range of functional-
ities and rates to encourage customers to reduce consumption or shift it to off-peak
hours. Similarly, Dubai now has several interrelated programs in place to substan-
tially reduce electricity consumption, including smart metering, demand-side man-
agement to encourage energy users to consume more efficiently, and distributed
generation (which involves generating energy on-site to reduce transmission losses).
From 2009 through 2014, these measures have saved more than 1100 GW h of elec-
tricity and 5.4 billion gallons of water and reduced carbon dioxide emissions by
over 536,000 tons [2].

Another important aspect of smart cities is transportation, an area in which tech-
nology has advanced dramatically. The UAE is encouraging the use of electric cars
and building the necessary infrastructure to support them. The country currently has
in place 16 power charging stations for electric vehicles, and it expects to have more
than 100 by the end of 2015. However, electric vehicles are only a small part of the
solution. To meet the transportation needs of an increasingly urban population, the
UAE still must address broader challenges, such as improving the fuel efficiency
and emissions of imported cars, persuading residents that they may not need to own
a vehicle, and reducing the dependence on cheap gasoline.

To that end, awareness campaigns should be part of a smart city initiative and
represent a softer means of influencing citizens’ behaviors. The UAE has already
begun allocating budgets for such campaigns. For example, the Dubai Supreme
Council of Energy has launched the Emirates Energy Award, which offers monetary
prizes for innovative work in projects of all sizes across both the public and private
sectors [9]. The Dubai Electricity and Water Authority (DEWA) has also launched
customer awareness campaigns that have, among other things, persuaded residents
and businesses to set their air conditioners to warmer settings. In all, DEWA’s initia-
tive has saved more than 600 million AED (US$163 million) since 2009.

17.5 Building Efficiency

Building efficiency—commonly referred to as “green” or “sustainable” construc-
tion—refers to structures that are designed and built with improved energy effi-
ciency as a key design constraint. The concept aims to reduce the environmental
impact of buildings and to improve the well-being of their occupants [12].

The UAE already has a range of building efficiency measures in place. For exam-
ple, in Abu Dhabi, a program called Estidama (the Arabic word for sustainability)
regulates the design, construction, and operation of buildings through phased
approvals. Estidama also uses an assessment scale called the “Pearl Rating System,”
which measures the sustainability performance of villas, buildings, and communi-
ties [13]. In Dubai, the government has issued a set of green building regulations
and specifications that cover planning, the use of resources, materials, and waste.
Notably, the regulations are intended to improve the sustainability performance of
buildings throughout their entire life cycles, from design through construction,
operation, and ultimate teardown (Fig. 17.13).
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Emission of Co2 from building sector in UAE.
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Government authorities throughout the UAE will still need to develop more
detailed regulations and frameworks that dictate energy efficiency in
buildings.

Government authorities throughout the UAE will still need to develop more
detailed regulations and frameworks that dictate energy efficiency in buildings,
particularly during construction. These regulations can use a range of levers: licens-
ing contractors based on energy performance; mandating procurement procedures
that factor in total life-cycle cost, rather than just initial construction; and requiring
advance modeling and simulations to predict the energy consumption footprint
prior to construction, as part of the procurement process (a tool known as building
information modeling).

In addition, district cooling holds significant potential to increase the energy effi-
ciency of UAE urban areas [4]. Currently, the cooling of buildings represents about
70 percent of the peak electricity load in the GCC [5]. District cooling is a network-
based system that uses centralized infrastructure to provide air conditioning to mul-
tiple buildings at once. Such a system is far more efficient than the current approach
to air conditioning because it pools the demand for cooler air. Increasing the use of
district cooling would reduce the burden of the cooling load on overall energy con-
sumption. In the UAE, various regulatory authorities are exploring ways to mandate
and regulate district cooling, and the technology should be considered for any new
urban planning concept (Fig. 17.14).

What are also needed are enhanced communication and information campaigns
that persuade real estate companies to improve the energy efficiency of their proj-
ects without regulation. For example, such campaigns can highlight the efficiency
benefits of new technologies, designs, and materials, as well as compare building
performance among similar buildings and award energy performance certificates
that include incentives for builders.
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Finally, the government should encourage the use of innovative building tech-
nologies, materials, and systems. Advanced concrete mixes, wall insulation, glass
glazing, and coatings that are adapted to the region’s requirements would substan-
tially improve the efficiency of buildings. These materials are already used in other
markets as they deliver benefits in building efficiency as soon as they are in place.
The UAE government should ensure that these materials are considered—or
required—during the design and construction of new projects. Once construction is
complete, projects can still generate gains due to increased energy efficiency,
through tools such as advanced building automation, integrated applications, and
monitoring and reporting, which increase energy awareness among occupants and
facility managers and drastically reduce consumption (Fig. 17.15).
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17.6 Conclusion

Green buildings and the deployment of renewable energy systems are some of the
solutions that could insure a considerable amount of carbon emission. Energy effi-
ciency assessment for buildings is an important tool that controls the right implica-
tion of the proposed practices. It has been concluded that the UAE is developing a
good program to reduce the footprint.

For decades, the abundance of easily accessible hydrocarbon resources meant
that energy efficiency was not a pressing topic in the UAE. However, steady popula-
tion and economic growth have changed attitudes. Today, sustainability is a critical
issue that is becoming more urgent each year. The time is ripe for the government of
the UAE to intervene and create a more sustainable future for the country. By lever-
aging other countries’ experience and focusing on the priorities discussed in this
paper, the UAE can ensure that it meets the needs of its citizens, while also safe-
guarding the environment for upcoming generations.
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Chapter 18
Renewable Energy in Africa: Changing
Support Systems

Terence Cook and David Elliott

18.1 Introduction

Given that there are 54 very different countries in the continent of Africa, ranging
from the very poor to the relatively affluent, with varying levels of political stability
and economic development, it is difficult to make generalisations. However, one
thing is clear: Africa has a very large renewable energy potential, which, if properly
developed, can help mitigate some of the major social, environmental and economic
problems it faces, including rising energy demand and climate change, poor energy
access and environmental pollution, while creating sustainable employment.

The International Renewable Energy Agency (IRENA) says that Africa has the
potential and the ability to utilise its renewable resources to fuel the majority of its
future growth with renewable energy. It adds ‘doing so would be economically
competitive with other solutions, would unlock economies of scale, and would offer
substantial benefits in terms of equitable development, local value creation, energy
security, and environmental sustainability’ [1].

This paper looks at the various approaches that have been adopted to making that
areality, set within the aim of the UN-backed Sustainable Energy for All programme
to double energy efficiency and double the use of renewable energy globally by
2030.

In the context of Africa, the Clean Development Mechanism (CDM) carbon
market system has only played a small role, but there are more direct renewable
energy-related support programmes and financial initiatives that have been more
significant. They include the various UN, World Bank, IMF and EU initiatives, the
most recent of the latter being set within the EU’s wider External Investment Plan,
with an initial €4.1 billion allocation.
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The starting point for many of the support schemes in the past has been direct
financial aid, usually coupled with technical support, but of late the emphasis has
begun to shift from ‘aid’ to ‘trade’, with the aim being to create new markets and
stimulate the investment of private finance. That has already been the approach
adopted by China, via its expanding energy-related investments of around $13 billion
so far, about half of this being for renewable energy projects, mostly hydro [2]. The
US-led ‘Power Africa’ programme, with $7 billion committed, has focused more on
the new renewables. It is still being maintained under the Trump administration,
possibly since much of the funding comes from the private sector [3].

There have been concerns expressed about the dominance of market-based
private investment approaches [4, 5], but with the scale, direction and effectiveness
of aid programmes sometimes being challenged, views on what should be done in
the future seem to be changing. The European Commission has claimed that ‘devel-
opment cooperation needs to evolve. Traditional assistance in the form of grants
remains essential—but must be complemented with other tools and sources of
finance in order to reach the ambitious targets set by the Sustainable Development
Goals. The international community agreed in 2015 on an innovative agenda on
financing for development, which calls for new partnerships, notably to mobilise
private resources and to apply innovative financing models. The External Investment
Plan is part of the EU’s contribution to these commitments’ [6].

18.2 The New Approach

The new EU approach to support for Africa has been championed by the German
Federal Ministry of Economic Cooperation and Development’s proposals, ‘Africa and
Europe—A new partnership for development, peace and a better future’, in a so-called
Marshall Plan for Africa. It says that ‘we need to move away from the donor-recipient
mentality that has predominated for many decades and shift towards an economic
partnership based on initiative and ownership’ and that ‘it’s not the governments that
will create all the long-term employment opportunities that are needed, it’s the private
sector. So it’s not subsidies that Africa needs so much as more private investment.’
However, it is not seen as just a matter of commercial investment: ‘The Marshall
Plan is powered by a new kind of economic policy—one focused on economic
diversification, the establishment of production chains, targeted support for agricul-
ture and small and medium-sized businesses, enhanced status for trades and crafts
and thus the creation of a new SME sector.” In particular, it is stressed that ‘it is vital
that Africa’s young people can see a future for themselves in Africa. The average
age in Africa is 18. Soon Africa’s population will top 2 billion. That means that 20
million new jobs will be needed each year, in both urban and rural settings.
Developing the necessary economic structures and creating new employment and
training opportunities will be the central challenge. Africa’s young people also need
contact and interaction with Europe. Europe must develop a strategy that allows for
legal migration whilst combating irregular migration and people smuggling’ [7].
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The emphasis on job creation in Africa has been picked up as a key new focus by
the EU, faced as it is with a migration crisis. The new External Investment Plan aims
to ‘tackle some of the root causes of irregular migration’. It is noted that ‘Instability
and conflicts in Africa and the EU Neighbourhood have been aggravated by the
global economic crisis, reducing access to finance for much needed investment.
Instability and conflict have also exacerbated the ongoing migration crisis with
more people than ever on the move in Africa and in the Neighbourhood’ [8].

Making the links between development support, climate issues and migration
concerns clear, German Development Minister Gerd Miiller said: ‘Germany and
Europe have an interest to save people’s lives, to limit the effects of climate change
and avoid “climate refugees,” to prevent mass migration and to help create a future
for Africa’s youth’ [9].

Some of the proposals that emerged under the Marshall Plan for Africa empha-
sised what could be done to this end at the local level. For example, in parallel with,
and as part of, the drive on youth employment, local community energy initiatives are
seen as a key, with Germany’s energy cooperatives set to serve as a model. According
to DW News, ‘The German Development Ministry is keen to use this expertise to
help create similar groups in Africa. Over the next five years, the plan is to set up 100
partnerships in which German cooperatives can share their knowledge and experience
with African community groups—in eight countries across the continent’ [10].

Clearly then, the new approach includes a social policy element, with, for exam-
ple, there also being an increased focus on gender equality in EU external support,
aiming to improve job prospects for women in the new energy sector. However, the
main focus, seen as essential to make the whole process work, is to stimulate, and
remove obstacles to, private sector investment in renewable energy in Africa, so as
to create new markets and jobs.

The main driver is thus competition, with contract auctions/project tendering
being favoured, over Feed-In Tariffs [11]. This is despite the fact that FiTs were
initially seen as the way ahead for Africa, much as they had been in the EU [12].
While FiTs worked well in the EU, where there was an affluent consumer base,
leading to large numbers of projects going forward (e.g. 100 GW of wind and PV
solar in Germany, including many small PV projects), it was felt that they might not
work well in Africa, where there were fewer well-off consumers.

However, auction/tendering systems also have problems. They tend to work best
for large projects/companies that can afford the relatively high transaction costs, so
smaller projects would be disadvantaged. There is also the risk that companies
would submit bids that were lower than was actually viable, so that, although they
might win contracts, in the event they might find it hard to actually deliver the
capacity. That had happened in the case of the NFFO price/capacity auction system
at one time used in the UK, and, although auctions have recently led to some very
low price contracts around the world, it is not yet clear if they will all be able to
deliver. Penalties for nondelivery have been proposed to limit this risk, but it is early
days as yet for the project auction approach in Africa. Until recently, most projects
in Africa, for example, hydro schemes, were funded via a negotiation process
between vendors and state utilities and/or the government. But with new smaller
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wind and PV solar technologies now entering the market and independent power
producers playing more of a role, new project funding patterns are emerging, includ-
ing auctions.

18.3 The Technological Focus and National Shares

Hydro has been the dominant renewable in Africa in the past. It has been quite
extensively developed, with, by 2016, 32.6 GW installed in all, supplying 20% of
its power and nearly all the electricity in some countries. However, there may be
limits to its use and expansion. Droughts have reduced its reliability in some coun-
tries, and climate change could have an increasingly significant impact on this
source [13, 14]. There can also be local social and environmental issues with large
hydro projects, including, in some locations, methane production from trapped
biomass [15]. There are proposals for more schemes, some of them very large, such
as the 42 GW Grand Inga scheme on the Congo River, but some argue that, in the
absence of a fully developed grid system, large centralised projects like this are
unlikely to offer many benefits to rural off-grid area, although smaller projects can
be useful [16].

At present solar and wind generation in Africa are still mostly at a low level, with
a peak output of only around 3.6% of the total current electricity plant output [17].
However, unlike large hydro, these sources can supply power direct to local users,
solar PV especially, and, with costs falling, they are likely to be widely adopted both
for off-grid and on-grid delivery. Wind is in the lead. By 2016, there was 3.7 GW of
wind capacity in place in Africa, with South Africa leading at 1.5 GW, followed by
Egypt and Morocco, each at just over 700 MW [18]. Some large projects are under-
way, including the 300 MW Lake Turkana wind farm in Kenya.

Solar PV is catching up at 2.9 GW total in 2016, with many new projects under-
way, some of them quite large, following on from the 175 MW plant in South Africa
and the 155 MW plant under development in Ghana. Smaller off-grid PV solar
projects are also proliferating, with a key debate being whether that should be the
main emphasis in the drive to improve local energy access. PV has been relatively
expensive in the past, although still not as expensive as building grids to link to, and
cover, remote low population density areas. However, now PV costs are falling, as
are battery costs, so the off-grid option is more attractive, especially if linked up
in local mini-grids, which can provide shared storage backup and balancing services,
making solar energy more reliable [19, 20]. At the utility-linked scale, concentrated
solar-thermal focusing plants (CSP) are also being developed, in North Africa espe-
cially, offering output 24/7, since solar heat can be stored for power generation
overnight.

In addition to these solar electricity options, solar water heating is also an
obvious option for much of Africa and ought to be preferable to the widespread but
inefficient and unhealthy use of traditional biomass for heating and cooking.
Geothermal heat and power is another option available in some locations, notably
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in the Great Rift Valley. Modern biomass and waste-fired plants can also offer
significant potentials for heat and power production, if care is taken to source the
biomass sustainably. That is even more important for biofuel production for vehicle
use: there are major land-use and biodiversity issues.

As can be seen, there are many renewable supply options, with some well estab-
lished. Taken together, by 2016, there was around 38 GW of renewable capacity in
Africa, with Ethiopia in the lead, just ahead of South Africa and Egypt. See Table 18.1.

Looking further ahead, IRENA has estimated that, assuming energy efficiency is
improved, renewables could supply 22% of Africa’s energy (heat and power) needs
by 2030, with the share of modern renewables in the power sector reaching 50% by
2030 and maybe up to 60% of total generation [22, 23]. Looking longer term, a
recent study claimed that the sub-Saharan Africa renewable electricity generation
share could reach over 92% by 2050 [24].

At present, significant funding is still being directed to hydro projects, as in the
case of China’s investment programme (it has been responsible for 58% of all new
hydro projects recently), but wind and PV solar are catching up, with off-grid and
mini-grid PV projects attracting more attention. The EU funding system is seeking
to reduce the financial risks faced by private sector investors in developing smaller
schemes. The EU-backed Electrifi funding system offers recyclable loans, while the
GETFIT system run in several African countries also offers initial start-up grants to
help smaller projects. Independent power producers (IPPs) often prefer dealing with

Table 18.1 Renewable MW

generating capacity in o Ethiopia 4188

megawatts: top 20 countries in -

Afiica in 2016, IRENA [21] South Africa | 4064
Egypt 3666
Congo DR 2579
Zambia 2436
Morocco 2309
Mozambique | 2200
Nigeria 2062
Kenya 2057
Sudan 1793
Ghana 1612
Angola 936
Zimbabwe 898
Uganda 796
Cameroon 730
Tanzania 659
Cote d’Ivoire | 604
Reunion 378
Malawi 373
Guinea 370




240 T. Cook and D. Elliott

conventional large grid companies and utilities rather than with local community
projects and mini-grids, so as to limit power off-taker risks, and the EU is trying to
deal with that by offering special off-taker guarantees.

18.4 Analysis

The EU does seem to be making a major effort to entice private capital to invest in new
energy technologies in Africa, and some might ask whether it is right to provide public
support to entice private IPPs to adopt better approaches. More generally, privatisation
and a shift to mainly private sector-led projects, with market power shaping develop-
ments and maybe operating via deficit financing mechanisms, open up fears of eco-
nomic exploitation and even the risk of creating a new version of ‘third world” debt!

The idea of moving ‘from aid to trade’ is a classic neo-liberal recommendation,
which not all subscribe to. Some worry that corporate private sector involvement
will co-opt aid and distort or undermine the social development process. Certainly
there have been concerns about China’s pragmatic, ‘no strings’ commercial
investment approach, in terms of proper attention being given to local accountabil-
ity, environmental impacts and also international trade rules.

For example, the IEA notes that China is not a member of the OECD Development
Assistance Committee (DAC), which has grouped the world’s main aid and develop-
ment support donors, defining and monitoring global standards in key areas of
development. The IEA says that ‘while DAC members typically link their assistance to
certain criteria such as effective governance, transparency or anti-corruption, Chinese
institutions offer support to national governments with fewer conditions’ [25].

This may of course offer them some economic advantages over DAC members,
who also have to engage with the various social and environmental impact assessment
processes adopted by the Western aid agencies and programmes. The fear is that the
Chinese approach will not only cut corners but will also corner markets and under-
mine Western development efforts and the West’s (rival) pursuit of markets.

However, a recent study claims that the Chinese programme has not so far led to
significant problems for the Western developers. It ‘did not impair the effectiveness
of grants and loans from Western donors and lenders’, and there was ‘no evidence
that Chinese aid is inferior to aid from established donors on economic growth
grounds’ [26]. That does not mean that all the projects were necessarily environ-
mental and socially appropriate (one of its main focuses has been on coal projects,
as well as large hydro), but certainly China has delivered renewable capacity, and it
has made some efforts to engage with community-level projects.

Moreover, the Chinese approach arguably does not differ very much in some of
its practices from that adopted by the West. For example, of the £6.1bn of UK
energy spending in developing countries between 2010 and 2014, 46% was on oil-,
coal- and gas-fired schemes, compared with 22% for renewable energy projects.
Even in the case of overseas aid by the UK Department for International
Development, although 32% of its support for energy projects went to renewables,
22% still went to support fossil fuel schemes [27].


https://www.theguardian.com/politics/department-for-international-development-dfid
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While some of the differences in practice may thus not be that great, some say
the Western aid-based approach is inefficient and bureaucratic and are unsure
whether aid is fundamentally the right way to help countries to develop, given that,
they claim, aid can sap self-reliance, undermine local initiatives and lead to a depen-
dency culture.

The aid versus trade debate, like the wider state versus market debate which
underlies it, will no doubt continue and shape views as to which type and scale of
technology to develop and how to support it. In practice both approaches may be
needed. Properly targeted aid can help countries and communities develop their
own capacities, with education and training being a key need, while properly man-
aged markets could create opportunities for local-level developments in the
expansion of decentralised renewables, aided by the advent of new cheaper energy
supply technologies and improved energy efficiency to cut demand.

However, there may be resistance to the implicit changes in technological
approach. For example, at the national level, countries in Africa that are at present
heavily reliant on coal and other fossil resources will want to continue to use them.
Indeed, in some cases, the exploitation of new oil and gas resources and the export
revenue received are seen as vital to their economies. That may be a false vision, or
at least one fraught with political, social and economic problems and risks. Even
ignoring the negative environmental impacts and costs of this trade, these resources
will not last forever, and plans are needed for the future. With that in mind, one
interim option, meanwhile, might be to tap off some of this fossil fuel export income
to develop renewables—building up the infrastructure of the future [28].

As that future emerges, and as the benefits of renewables and downsides of fossil
fuel become clearer, the pace of change may accelerate. While global markets for fos-
sil fuel trade remain attractive, that may not continue for much longer, with political
pressures mounting worldwide to reduce reliance on polluting and climate-impacting
energy options and to cut investment in unabated coal use in particular [29]. Nuclear
power meanwhile still remains in the equation, with nuclear vendors lobbying hard in
Africa, as one of the few markets left to them. However, it seems unlikely to prosper,
given its high costs and the rapidly falling costs of renewables [30].

18.5 Conclusions

Until recently, Africa’s carbon emissions had been relatively low, given its relatively
low level of energy-using consumer activity [31]. However, with energy use in sub-
Saharan Africa rising by 45% since 2000, emissions are rising, adding to Africa’s
many problems. Not all of them are of its own making. There has been a long
history of exploitation and consequently of skewed investment patterns, which still
continues. As the International Energy Agency notes, ‘Sub-Saharan Africa is rich in
energy resources, but very poor in energy supply’ with one reason being that ‘two
out of every three dollars put into the sub-Saharan energy sector since 2000 have
been committed to the development of resources for export’ [32].
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However, as we have seen, changes are underway, although arguably not fast
enough. Coal is still the main source of power, supplying 90% of electricity in South
Africa. The majority of the population in Africa is still off-grid, with poor energy
access, especially in rural areas. Climate change is likely to hit Africa hard, with
temperature rises and droughts, but also floods, being more common, undermining
agricultural activities and much else [33, 34]. Already stressed in many ways, Africa
may therefore face even more problems. But renewables can help improve energy
access and, along with improved energy efficiency, cut the use of fossil fuels and
provide the employment needed for its growing population. It will not be easy, espe-
cially if population continues to boom: it could double by 2050. With climate
change issues also sometimes being seen as marginal and less pressing than more
immediate and urgent economic and social concerns in Africa, making the neces-
sary social and technological changes will be a struggle, but there seems to be no
sensible sustainable alternative [35].

In terms of support systems, Africa as a whole has hardly benefitted at all from
the Kyoto CDM system, attracting just 3% of global cumulative investment under
the CDM by the end of 2015 [36]. As we have seen, the various more direct aid/
grant programmes are now being adjusted to focus more on trade and private sector-
led market creation, with competitive auctions being favoured, but with the outcome
being as yet uncertain. There are concerns about continued conflicts between private
and public sector motivations and aims, with some also regretting the demise of
Feed-In Tariffs [37].

However, with renewable costs now falling rapidly, it could be that aid and
subsidies will be less needed longer term, and new more decentralised economic
and social patterns may emerge. But there is a way to go. Certainly, given the major
social, environmental, economic and political challenges Africa faces, aid and other
forms of support will be needed for some while yet, while adjustments will have to
be made to market-based systems to ensure that they are compatible with wider
social and environmental sustainability objectives [38].
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Chapter 19

Measure the Embodied Energy in Building
Materials: An Eco-Sustainable Approach
for Construction

Check for
updates

Francesca Scalisi and Cesare Sposito

19.1 Introduction

According to the definition of the Bruntland Commission, the sustainable develop-
ment consists in satisfying the current needs without compromising the possibility
of future generations of satisfying theirs [1]. The term sustainability, initially used
to define fairest economic development dynamics, has quickly become of common
use and was, then, used to identify not only the development methods but also each
action or situation in which this model is applied and put into effect, starting from
sustainable production and sustainable market to the sustainable building: a build-
ing that does not use polluting materials and prefers natural organic materials, recy-
cled materials and components, that limits the use of fossil fuels and that reduces the
production of waste and energetic consumption during operation.

Therefore, energy and environment are the two subjects which architecture and
building need to take into account as the building sector is responsible for 40% of
global energy consumption and 30% of greenhouse gas emissions [2]. The total
energy used in the life cycle of a building is determined by the sum of the embodied
energy and the operational energy [3-5]. The definition of operational energy is
clear, it defines the quantity of energy requested during the operation of buildings in
heating, cooling or ventilation, the production of domestic hot water and illumina-
tion [6]. The embodied energy can be generically defined as the energy used in the
production stage of the material [7], even if an accurate definition should consider
the whole life cycle of the material, with an analysis cradle-to-grave that includes
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the energy needed for the extraction of raw materials, processing and transport,
periodic energy for maintenance and final energy for disposal [8, 9]. The analysis
cradle-to-grave is very complex, mostly because finding the data related to periodic
energy for maintenance and final energy for disposal is difficult. Most of the studies
on energy efficiency of buildings focuses on the reduction of operational energy, as
it affects the most the total energy consumption of a building [10].

Opting for high-performance solutions and using high-performance materials
definitely allows to create buildings classified as “Nearly Zero Energy Buildings”.
This might activate an increase of consumption, creating the “Jevons Paradox™ [11].
The economist William Jevons observed that technological improvements that
increase a resource’s efficiency can cause an increase of this resource’s consump-
tion instead of its decrease, because higher efficiency results into a decrease of costs
and, therefore, a growth in consumption.

And this paradox is followed by another, according to which the necessity of
using high-performance materials to get energy efficiency during operation causes
the rise in the necessary embodied energy to create those materials.

The acknowledgment of the idea of a higher embodied energy could be justified
only by a significant decrease of energy during the operation of the building, thanks
to which a positive balance between embodied energy and operational energy is
maintained [12—14].

Many studies question this balance, arguing that the extreme growth of embod-
ied energy is not always adequately compensated by the decrease of operational
energy, since embodied energy might represent almost half of the total energy used
in a building life cycle and, sometimes, it exceeds operational energy [15-18]. In
this sense, the research for efficiency in the operational phase can be counterproduc-
tive for the total energy consumption because it doesn’t supply enough advantages
from a sustainable environmental point of view [11].

19.2 Methods to Measure Embodied Energy

It is necessary to consider the data on embodied energy since the start of the
decision-making process, fundamental to facilitate optimal project choices for the
environment. But the calculation for embodied energy is complex, especially for
two reasons: the lack of data and the conflicting measurement methods.

Langston and Langston [19] state that measuring operational energy is less com-
plicated than establishing the embodied energy: a complex operation requiring a
longer time.

The calculation of embodied energy has two fundamental steps: the choice of the
system limit and the method according to which the data in the system was
elaborated.

The first one represents one of the most important and controversial points,
because establishing the limit of the system determines the amount of information
provided: it is quite clear that the limit should always be cradle-to-grave, in order to
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understand the whole life cycle, but basically the most used system limit is
cradle-to-gate. This idea will be extensively analysed in the following paragraphs,
while now, we will focus on the measurement methods of embodied energy
(Fig. 19.1).

The measurement of embodied energy is complex and until now a generally
accepted method has not been defined to distinctively measure it [19-22]. The main
methods used to measure embodied energy are process analysis, input-output analy-
sis and the hybrid method.

Process analysis allows to identify and quantify direct and indirect energy
required by the work processes. Even if it is highly demanding, the process analysis
is really widespread because it allows to get accurate and specific results. It consists
in the decomposition of the production process of a good in individual activities and
quantification of energy fluxes necessary to its realization. The final value of used
energy is known as process energy requirements (PER) [9].

The input-output analysis is a macroeconomic technique created in the 1970s by
the Nobel Prize Leontief. Through the cross-sector matrix the energy directly and
indirectly used in the economic system is measured. The limit of this approach is to
get data grouped in a sector in which different goods and/or services are produced.
The analysis carried out with this technique was born from the need of putting into
the final balance also the items usually ignored in the process analysis, that is the
effect of the services indirectly involved in the production and all the works preced-
ing the point to which the process analysis might decide to stop. The final quantity
of energy calculated with the input-output analysis is known as gross energy require-
ments (GER) [9, 23, 24].
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The hybrid method has the main characteristics of the two aforementioned meth-
ods, since it is a process analysis that uses the input-output analysis when acquiring
some data is extremely complex [25].

The use of more sustainable building materials and building techniques is an
important contribution to the eco-efficiency in the building industry, therefore, to a
more sustainable development [26]. An appropriate building materials choice can
cause a 17% reduction of the energy used in the construction of a building [27], and
it can reduce the CO, emissions by 30% [28]. Having reliable databases with
updated data on embodied energy is an efficient help to whoever wants to make
aware project choices, aiming to protect the environment.

One of the best known and used databases is the Inventory of Carbon and Energy
(ICE) created by Hammond and Jones from Bath University [29]. The measurement
method used is input/output and the system limit is cradle-to-gate, even if for some
materials the consumed energy during the delivery of the products to the building
site was considered. In Table 19.1 some of the materials of the ICE are listed.

19.3 TC 350 Standards

In 2011-2012 have been published the standards developed by CENT TC 350, a
Technical Committee developing the standards that can define a harmonized meth-
odology to assess the environmental performance and the costs of the life cycle of
buildings. It is made up by three Working Groups: WGI—Environmental
Performance of Buildings, WG2—Building Life Cycle Description, WG3—Product
Level. The purpose of the latter is to define the Product Category Rules (PCR) to
elaborate the Environmental Product Declaration (EPD) for building materials. The
Environmental Product Declaration (EPD) is a voluntary-based technical document
verified by a certification body that accompanies the marketing of a product. The
TC 350 Standards define the impact from cradle-to-grave of buildings and products
using as measurement method the process analysis.

The TC 350 Standards for building products, in compliance with EN 15804:
2012 are divided in four stages:

Product stage, construction stage, use stage, end-of-life stage, and an optional
module reuse-recovery (D).

In the table of the Fig. 19.2 the mandatory and optional stages are listed, accord-
ing to the considered system limit.

Product, construction, use and end-of-life stages are strictly linked to the build-
ing. As a matter of facts, the type of building in which a product must be installed
will establish the scenarios of the building’s life cycles, and these will determine the
scenarios that must be evaluated for the installation, the usage pattern and the end of
life, but the final disposal will depend on the product.

In the analysis cradle-to-gate only the product stage (A1-A3) is considered and,
therefore, is mandatory. In the analysis cradle-to-gate with options the product stage
(A1-A3) is mandatory while all the other stages are optional. In the analysis cradle-
to-grave all the stages are mandatory but D is optional.
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Table 19.1 Inventory of Carbon and Energy (ICE) of Bath University [29]
EE— |EC— EE—MJ/ |EC—

Materials MlJ/kg | kgCOykg | Materials kg kgCO,/kg
Aggregate 0.10 0.005 General insulation 45.00 1.86
General sand 0.10 0.005 Lead virgin 49.00 2.61
Rammed soil 0.45 0.023 Stainless 56.70 6.15
General concrete 0.95 0.130 Natural latex rubber 67.60 1.63
General stone 1.00 0.056 General paint 68.00 3.56
General plaster 1.80 0.12 Polyurethane 72.10 3.00
(gypsum)

Marble 2.00 0.112 General Carpet 74.40 3.89
Common Brick 3.00 0.22 PVC general 77.20 241
Typical cement 4.6 0.83 Expanded Polystyrene 88.60 2.50
Plasterboard 6.75 0.38 PVC Injection Moulding | 95.10 2.20
General timber 8.50 0.46 ABS 95.30 3.10
General steel 9.50 0.43 Polycarbonate 112.90 6.00
Recycled

General ceramics | 10.00 0.65 Polypropylene, Injection | 115.10 3.90

Moulding

Lead Recycled 10.00 0.53 Synthetic rubber 120.00 4.02
General glass 15 0.85 Nylon 6 120.50 5.50
Paperboard 24.80 1.32 Nylon 6.6 138.60 6.50
Linoleum 25.00 1.21 Epoxide Resin 139.30 591
Fibreglass 28.00 1.53 Aluminium Virgin 218 11.46
Aluminium 28.8 1.69 Titanium virgin 361 to 745 | -
Recycled

General steel 35.30 2.75 Titanium recycled 258.00 -
virgin

Miscellaneous

Embodied Energy—MJ Embodied Carbon—kg CO,

PV Modules MJ/sqm kg CO,/sqm

Monocrystalline 4750 (2590 to 8640) 242 (132 to 440)
Polycrystalline 4070 (1945 to 5660) 208 (99 to 289)

Thinfilm 1305 (775 to 1805) 67 (40 to 92)

The product stage includes the supply of all material and energy, the disposal of
final waste during the production stage. In detail, it includes:

Al—extraction and processing of raw materials, including processing of secondary

materials

A2—transport of raw materials and secondary material to the producer
A3—manufacture of the construction products, and all upstream processes from

cradle to gate

The construction stage also includes the waste handling and the disposal of final
waste. The transport and installation of the building process depend from the con-
text of the building in which the building product is used. Specifically, it includes

(Fig. 19.3):
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Ad—transport of products from the manufacturer to the construction site
A5—the installation/construction of the building

The use stage can be divided into two groups: use stage related to building fabric
(B1-B5) and use stage related to the operation of the building (B6-B7).
The use stage related to building fabric includes the following steps:

B1—use of the product, service or appliance installed
B2—product maintenance

B3—product repair

B4—product replacement

B5—product renovation

The module B1 refers to the releases into the environment. At product level, the
maintenance (B2) includes all the operations for maintenance of the product
installed in a building during the service life of the product. The impacts of this
stage are directly linked to the context of the building and must be evaluated with
well-defined settings. This is true also for the repair (B3), replacement (B4) and
renovation (B5). The evaluation should include production, transport, energy and
water use and any associated wastage and end-of-life processes.

The use stage related to the operation of the building must include the use of
energy and water during the operation of the product, including the production and
transport of any waste in the location produced by energy/water use. It includes,
specifically:

B6—use of operational energy
B7—operational water use

As listed in the EN 15804: 2012, the end-of-life stage of a construction product
begins when it is replaced, dismantled and does not have any function. Specifically,
it includes:

Cl—demolition of the building/construction product

C2—transport of demolition waste including the end-of-life construction product in
the waste treatment plant

C3—waste treatment operations for reuse, recovery or recycling

C4—disposal and linked processes

During the end-of-life step, everything coming out from the system (that is the
building) is considered waste until it gets the status of end-of-waste. The end-of-
waste status is reached if one of these materials or products meet one of these
requirements: it is commonly used for specific purposes; there is a market or a
demand for it; it meets technical requirements for specific purposes; its use will not
lead to negative effects.

The module D refers to the possible reuse/restoration/recycling.
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19.4 EDP Analysis

The implementation of EPD according to these standards can be a valuable contribu-
tion for building professionals in search of reliable data on embodied energy of mate-
rials. Even if there are several doubts [30, 31]: first, the voluntary nature of this tool
and the steps envisaged according to the system limit, which leaves a wide margin of
discretion on what must be the steps considered (apart from the mandatory require-
ment in each step, if the limit of the chosen system is cradle-to-grave).

The existing research shows the analysis of the EPDs made by the producers
on building materials, to quantify, first of all, what type of system limit was chosen.
In this way, it can be understood which steps are excluded the most and if this can
determine a low estimate of the embodied energy of a product.

The data in this paper refer to the existing EPDs on the International EPD®
system website [32].

The geographical area of reference is Europe; on the website there are 395 EPD
files divided in 24 European countries as shown in Table 19.2.

The analysis of the 395 EPD files shows that in most cases the system limit is
cradle-to-gate with options, precisely in 46% of the cases; in 29% of the cases
the system limit is cradle-to-gate and only in 25% of the cases the system limit is
cradle-to-grave (Table 19.3).

In the case of EPDs with a system limit cradle-to-gate, the steps A1-A3 have been
considered in all the files. In the files declaring that their system limit is cradle-to-gate

Table 19.2 395 EPD files divided in 24 European countries

Country Construction products Country Construction products
Italy 75 Germany 5
United Kingdom 61 Hungary 5
Spain 53 Lithuania 5
Turkey 48 Finland 4
France 32 Ireland 3
Sweden 32 Luxembourg 3
Belgium 18 Czech Republic 2
Norway 14 Bulgaria 1
Denmark 9 Croatia 1
Romania 9 Netherlands 1
Switzerland 7 Poland 1
Russia 6 Portugal 1

Table 19.3 System System boundaries Quantity | %
boundaries of EPD Cradle-to-gate 115 29
Cradle-to-gate with options | 182 46
Cradle-to-grave 98 25
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with options, it was examined which steps were considered, among the optional ones.
Of course, the steps A1-A3 were considered in each file. The following steps have
revealed that:

— Most of the cases have data only for the optional step A4

— A small percentage have data only for the optional step AS

— Few cases have data for steps B1-B7 and C1-C4

— The same happens for step D that is rarely considered, even in the cradle-to-grave
analysis

Therefore, when in the EPD is declared that an analysis cradle-to-gate with
options was made, the optional steps considered are A4 and A5, rarely the others.

In the cradle-to-grave system limit the phases are all mandatory, except for D,
but it should be noted that on most of the files the values of the phases B1-B7 and
C1-C4 are equal to zero or not relevant.

19.5 Conclusions

The paper has highlighted the complexity of the embodied energy measurement
even if this comes with the understanding that it increasingly is a fundamental
aspect of studies on energy saving in buildings. The TC 350 standards have been
published, defining a harmonized methodology to assess the environmental perfor-
mance and the costs of the life cycle of buildings. It represents an important tool,
even if in practice it has several limits.

The analysis of the Environmental Product Declaration (EPD), made with the TC
350 Standards, shows how in practice few steps are included in their life cycle,
mainly the product stage (A1-A3) and partially the construction stage (A4—AS).
The impacts coming from the use stage, both the use stage related to building fabric
(B1-B5) and use stage related to the operation of the building (B6-B7), are mostly
omitted. It happens the same for the end-of-life settings. Rarely, they go after the
end-of-life settings, with reuse, recovery or recycling (D). These results lead to
some considerations that are also important challenges to be carried on in research:

— First, we should reconsider the voluntary nature of this tool that is definitely a
limitation.

— If the goal is energy saving, in the interest of environmental sustainability, the
data should be thoroughly as possible.

— The current lack of data prevents us from knowing the real impact of the use and
end-of-life steps in energy consumption and consequently prevents us from
assessing whether in the overall energy balance it is negligible.

— Many steps, especially in the cradle-to-gate system with options, are optional: it
is therefore necessary to elaborate on whether this is a counterproductive choice
for this tool.
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Involve more the academic world, in order to deepen the subject of research and
foster debate, the building industry and end users to raise mutual awareness by
offering and requesting materials and building components of certain environ-
mental sustainability, and finally the building professions so that they can work
since the creation stage with tools and data that allow to know exactly the overall
energy balance of the building.

This research aims to collect data and their critical analysis, useful for evaluating

future development actions and policies, but it is still in its initial stage; it will
continue, first, by examining the files on the International EPD system website for
non-European geographical areas. After the initial analysis on the phases of the
considered life cycle, we will continue analysing more in detail the data provided
for the individual stages and the type of materials in the EPDs.

The contribution, resulting from a common reflection, is to be assigned in equal

part to both Authors.
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Chapter 20

Optimizing Building Form for Integration
of Solar Photovoltaic in the Design

of a Textile Industry in Katsina, Nigeria

Amina Batagarawa, Yusuf Ahmed Abdulkarim, and Musa Lawal Sagada

20.1 Introduction

Energy plays the most vital role in the economic growth, progress and development
of any nation; uninterrupted energy supply is a vital issue for all countries today [1].
Energy as the backbone of world economic growth and development has resulted to
depleting fossil fuel reserves, heavy CO2 emissions, climate change and a
continually growing energy demand, a large part of which is consumed by the
industrial sector. Mitigating these problems and provision of energy security calls
for adopting clean and renewable energy effectively and extensively. According to
the U.S. Energy Information Administration [2], the industrial sector consumed
52% of global delivered energy in 2010, and its energy consumption grows by an
average of 1.4% per year. In Nigeria this sector’s growth suffers due to insufficient
power generation and supply [3] which in turn increases running cost and hampers
growth of industries.

Textile industries consumes a large portion of delivered energy use in the sector;
over 25% of the delivered electricity use of non-energy intensive manufacturing
industries is consumed by textile factories [4]. Indigenous textile factories are
experiencing high operational cost due to high cost of electricity with factories
spending over 150 million naira in energy bills from the grid and another 60 million
on diesel. These factories extensive envelopes remain unexploited and latent even as
various available technologies and strategies exist to produce cost-effective energy
solutions.

Nigeria lies within a high sunshine belt and thus has enormous solar energy
potentials. Integrating solar PV into the building envelope of Nigeria’s textile
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industrial buildings to harness this solar energy potential would provide valuable
clean energy and diversify the energy supply mix.

Compared to large scale power plants located far away from cities, BIPV systems
would not require additional land or built structure and is more valuable as it
eliminates transmission loss. It has been demonstrated in studies that one unit of
on-site renewable energy is around three times the value on energy produced from
remote sources [5]. Also, renewable energy integration could have social
consequences, encouraging businesses to conserve energy, since its production and
performance can be gauged and understood on a micro scale [6].

Architectural integration of solar photovoltaic is the result of a controlled and
coherent integration of the solar PV simultaneously from all points of view,
functional, constructive and formal (aesthetic) [7].

Building-Integrated Photovoltaics (BIPV) are dual-purpose PV systems, they
serve as both the outer layer of a structure and generate electricity for on-site use
or export to the grid. BIPV systems can provide savings in materials and electric-
ity costs, reduce pollution, and add to the architectural appeal of a building. The
greatest value for BIPV systems is realized by including them in the initial build-
ing design [8].

20.1.1 Aim

To provide a design framework for optimizing building form for architectural inte-
gration of Building-Integrated Photovoltaic (BIPV) in the design of a textile
factory.

20.1.2 Objectives

1. To assess the integration potential of BIPV in the building
Envelope of existing textile factories in northern Nigeria.
2. To optimize the energy yield from BIPV through optimized building

Form in textile factories.

20.2 Methodology

The research is an evaluative research, due to its aim, objectives and the nature of
data acquisition and analysis. The research uses the case study approach. The cases
selected for this study are:
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1. Funtua Textiles Limited (FTL), Funtua, Katsina.
2. United Nigerian Textile PLC (UNTL), Kaduna.
3. Kaduna Textiles Limited (KTL), Kaduna.

Tools for data collection and analysis include visual survey, physical measurement,
interview and simulation The variables considered in this research are design depen-
dent variables which are required in the integration of BIPV in the building envelope
of selected cases and design considerations required for optimum performance of PV
systems. They include:

Integration Variable Data analysis
Potential of BIPV variables Roof type Descriptive
Facade type analysis

External building features
Orientation of Buildings

Optimizing BIPV performance Building Form Simulation
variables Surface tilt

Local Modelling

climate information

Building size

Self-shading
Site features

20.3 Results and Discussion

This section assesses the renewable energy potential of BIPV in Katsina state. It
attempts to draw out building forms of textile industries in northern Nigeria and the
integration potential of BIPV through examining existing cases and simulating
against varying design parameters. It highlights ways to achieve optimum energy
yield from integrated photovoltaic systems.

Three cases were visited and studied, which are Funtua Textile Limited (FTL),
Funtua, Katsina, United Nigerian Textiles Plc, Kaduna and Kaduna Textile Limited
(KTL), Kaduna. These cases were selected based on their functions and climatic
zones.

The results obtained are presented below under the following headings based on
the objectives of the study:

1. Integration potential of BIPV in the building envelope.
2. Optimizing BIPV performance.
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20.4 Integration Potential of BIPV in the Building Envelope

The results and assessment of the variables under this objective for each case studied
are (Plate 20.1):

In United Nigeria Textile, the roof types found are gable roof and shed roof.
Long span corrugated aluminium roofing sheets are used in all cases; illustrations
would be used to represent the roof as camera wasn’t allowed into the complex
(Plate 20.2).

In Kaduna Textiles Limited, the roof types found are gable roof and saw-tooth
roof. The saw-tooth roof covers the spinning and weaving department while the gable
roof covers the administrative, engineering and finishing department (Plate 20.3).

Plate 20.1 A gable roof, monitor roof and shed roof at Funtua textile limited (Source: Author’s

field work)

Plate 20.2 Gable style
roof and Lean-to roof used
at UNTL, Kaduna (Source:
Author’s field work)
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Plate 20.3 Saw-tooth roof and gable roof covering buildings at Kaduna Textiles Limited (Source:
Author’s field work)

Plate 20.4 Facade at
Funtua textile limited
(Source: Author’s field
work)

20.4.1 Facade Type

Facade type of a building could vary widely; this could depend on the building type,
location, architect’s preference or need based on other factors. The facade type
could determine the type or even the possibility of BIPV integration.

In Funtua Textiles Limited, the walls are constructed with hollow sandcrete
blocks with the upper portion cladded with long span corrugated aluminium sheets.
This facade type can be integrated with BIPV systems (Plate 20.4).

In United Nigeria Textile, the factory building’s walls here are majorly constructed
with hollow sandcrete block and a few are cladded with long span corrugated alu-
minium sheets making it possible to be integrated with BIPV systems. Images are
not available as camera was disallowed into the premise.

In Kaduna Textiles Limited, the walls of the buildings at the Kaduna Textile
Limited are constructed with hollow sandcrete block, solid stone and the upper
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portion of some buildings cladded with long span corrugated aluminium sheets. The
sandcrete area and area cladded with aluminium sheets can be integrated with
BIPV. The stone fagcade used widely for the material aesthetic appeal would lose this
appeal but still serve its thermal insulation purpose if integrated with BIPV.

e Roof type.
» Facade type.
e External building features.

20.4.2 Roof Type

The roof surface is among the most important features of a building for the
integration of solar BIPV. The type of roof to a large extent determines the potential
for BIPV integration in a building.

In Funtua Textiles Limited, the roof types are gable roof, gable with monitor roof
and lean-to/shed roof. The lean-to roof covers the engineering department while the
monitor roof covers the ginnery and dyeing and finishing department with the
remaining building covered with gable roof. Long span aluminium roofing sheets
were used in covering these roofs (Plate 20.5).

20.4.3 External Building Elements

This could include shading devices, balconies, parking structures or any external
structure supporting the main structure. They provide additional surfaces for
integration of BIPV in industrial facilities.

Plate 20.5 Fagade at Kaduna textile limited (Source: Author’s field work)
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In Funtua Textiles Limited, the Factory buildings has little external devices, consists
majorly of plain facades. External device found on site is a covered vehicular parking,
an external building element with integration potential (Plate 20.6).

In United Nigeria Textile, the complex has no external device present, presenting
no external surface for BIPV integration.

In Kaduna Textiles Limited, the factory buildings have external devices, consists
majorly of plain facades. External device found on site is a covered vehicular park-
ing which is an external element with integration potential (Plate 20.7).

Plate 20.6 External parking shed (Source: Author’s field work)

Plate 20.7 Covered vehicular parking (Source: Author’s field work)



264 A. Batagarawa et al.
20.4.4 Integration Potential of BIPV

The results obtained from the case studies shows that five building envelope
components of the six building envelope components considered for this study are
present within the case studies with the possibility of BIPV integration.

Building envelope Funtua Textiles United Nigeria Textiles | Kaduna Textiles
component Limited (FTL) (UNTL) Limited (KTL)
Tilted roof + + +

Flat roof - - -

Skylight + - +

Facade walls + + +

Facade glazing + + +

External device + — +

The absence of flat roof for integration is observed throughout the cases studied.
With the possibility to integrate BIPV in the Facade walls and tilted roof of the
factories in all instances. Skylight is present in both FTL and KTL, with that of
KTL north facing making it an inefficient choice for integration. Facade glazing
adequate for BIPV is found solely at KTL, the lack of fagade glazing is as a result
of the need to control internal conditions of the factory to a given humidity and
temperature level.

20.5 Optimizing BIPV Performance

The results and assessment of the variables and modelling characteristics studied
for each case are:

Local climate
Building size

Site features
Building form
Building orientation
Surface tilt

20.5.1 Local Climate

The irradiation values for the local climates were gotten from PVGIS-CMSAF solar
radiation database. The rainfall duration and cloud cover values would be deter-
mined from existing literature.
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Fig. 20.1 Precipitation, mean temperature and wind speed data for Funtua. Source: (Meteoblue,
2017)

In Funtua Textiles Limited, there is more rainfall during the summers than the
winter. It receives an average of 5970 Wh/m? per day of irradiation on the horizontal
plane. The average annual temperature in Funtua is 24.8 °C and about 1024 mm of
precipitation falls annually.

In United Nigeria Textile, the local climate is tropical dry having more rainfall
during the summers than the winter. This also goes for Kaduna Textiles Limited as
they fall within the same local climate. They receive an average of 5770 Wh/m? per
day of irradiation on the horizontal plane (Figs. 20.1, 20.2, 20.3 and 20.4).

Case studies Solar irradiation Annual mean temperature Precipitation
Funtua Textiles Limited 5970 Wh/m? 24.8 °C 1024 mm
United Nigeria Textile 5770 Wh/m? 252 °C 1211 mm
Kaduna Textile Limited 5770 Wh/m? 25.2°C 1211 mm

20.5.2 Site Features

These include soft and hard landscape and could include natural features of the site.
They could be of positive impact or negative impact to the solar power generation
potential depending on how they relate to the building on site. Their presence could
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Fig. 20.2 Cloud cover data for Funtua, Katsina state. Source: (Meteoblue, 2017)
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Fig. 20.4 Cloud cover data for Kaduna. Source: (Meteoblue, 2017)

be detrimental when they shade surfaces integrated with BIPV. The site features as
observed in the cases studied are discussed.

In Funtua Textiles Limited, the site is laid in an L-shaped pattern with build-
ings along this path with the surrounding covered in hard and soft landscape. The
drive-way and loading bays are finished in concrete with flowers, shrubs and short
trees along the sides. Large trees are planted along the east end of the site and in
green pockets between the weaving and dyeing department. The trees are posi-
tioned at a distance from the building which ensures no shading on building
surfaces.

In United Nigeria Textile, buildings are arranged around a central concrete
paved yard serving as parking and loading bay with trees heavily scattered around
the site. This shades the facade area extensively during the morning and evening
period.

In Kaduna Textiles Limited, the site rekindles a trapezium with buildings placed
adjacent one another. The access route and loading bays are finished in concrete
with few trees within the site and scattered flowers and shrubs around. The admin-
istrative area has closely planted trees shading a portion of it during the day, with the
trees around the production facility at a distance its shadow falls away from the
building.
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20.5.3 Building Size

The larger the size of solar PV exposed to the sun the larger the electricity production,
given larger buildings a higher potential for electricity generation using solar
BIPV. For comparable results all building forms would be assumed to have the same
floor area of 1 m? each and the same wall height of 1 m each.

20.5.4 Building Form

The building forms of the textile factories would be categorized based on their plan
layout, roof type.

In Funtua Textiles Limited, the buildings have rectangular plans with individual
total floor area ranging from 13500 m? to 860 m? in size and a height of about 4 m
for the shortest point and 11 m for highest point. The buildings have tilted roofs, the
roof types consist of gable roof, monitor roof and lean-to roof.

In United Nigeria Textile, the buildings have rectangular plans with heights
reaching 10 m at highest point for the weaving and spinning department while the
finishing department reaches 6 m (highest point). The buildings are roofed with
gable roof and lean-to/shed roof. Illustrations are used to represent these as taking
of images within the premises was disallowed (Plate 20.8).

Plate 20.8 Factory buildings with rectangular plans and tilted roofs (Source: Author’s field work)
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In United Nigeria Textile, the buildings have rectangular plans with heights
reaching 10 m at highest point for the weaving and spinning department while the
finishing department reaches 6 m (highest point). The buildings are roofed with
gable roof and lean-to/shed roof. Illustrations are used to represent these as taking
of images within the premises was disallowed (Fig. 20.5).

In Kaduna Textiles Limited, the factory buildings have rectangular plans with the
spinning department roofed with a saw-tooth roof while the weaving and finishing
departments are roofed with gable roof (Plates 20.9 and 20.10).

Other plan layouts common to industrial buildings would be included in the
study and analysed to determine self-shading factor and size available for integra-
tion. The plan layouts include:

Linear layout
L-shape layout
U-shape layout

Fig. 20.5 Building forms at UNTL (Source: Author’s Fieldwork)

Plate 20.9 Factory building with rectangular plan and saw-toothed roof (Source: Author’s field
work)
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Plate 20.10 Factory building with rectangular plan and gable roof (Source: Author’s field work)

20.5.5 Summary

This section summarizes the building forms established in the cases studied categorized
based on their floor plans and roof type. Four categories are established:

1. Rectangular plan with gable roof

2. Rectangular plan with lean-to roof
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3. Rectangular plan with monitor roof

4. Rectangular plan with saw-tooth roof

20.5.6 Self-Shading Factor

Even Partial shading can cause significant efficiency losses in BIPV module output.
Considering this, a shadow range analysis is carried out on the different roof types
of textile industries using Autodesk® Ecotect® Analysis software to determine areas
of self-shading.

20.5.6.1 Gable Roof

From the above figure the entire northern side of a ‘rectangular plan and gable
roofed’ building is observed to be covered in shadows, with no area of the building
envelope being self-shaded (Fig. 20.6).

20.5.6.2 Lean-to/Shed Roof

Result from shadow range analysis for a ‘rectangular plan with lean-to roof” building

shows the entire northern side of the building covered in shadows, with no area of
the building envelope self-shaded (Fig. 20.7).
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Fig. 20.6 Shadow range
analysis from Jan st to
Dec 31st (Source:
Autodesk Ecotect output)

Fig. 20.7 Shadow range
analysis from Jan Ist to
Dec 31st (Source:
Autodesk Ecotect output

20.5.6.3 Monitor Roof

From the above figure the entire northern side of a ‘rectangular plan and monitor
roofed’ building is observed to be covered in shadows, with about 19% of the north-
ern roof self-shaded during the months of November through December, January to
February and over 11% self-shaded in the months of March and October. While up
to 6% of the southern roof gets shaded in the months of June and July with no self-
shading during the months of April and September (Fig. 20.8).

20.5.6.4 Saw-Tooth Roof

From the above figure the entire northern side of a ‘rectangular plan and monitor
roofed’ building is observed to be covered in shadows, with about 19% of the north-
ern roof self-shaded during the months of November through December, January to
February and over 11% self-shaded in the months of March and October. While up
to 6% of the southern roof gets shaded in the months of June and July with no
self-shading during the months of April and September (Fig. 20.9).
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Fig. 20.8 Shadow range
analysis from Jan 1st to
Dec 31st (Source:
Autodesk Ecotect output)

Fig. 20.9 Shadow range
analysis from Jan 1st to
Dec 31st (Source:
Autodesk Ecotect output)

From the above figure the entire northern side of a ‘rectangular plan and
saw-toothed roofed’ building is observed to be covered in shadows, with about 25%
of the northern roof self-shaded during the months of November through to February,
over 13% is self-shaded in the months of March, October and no shading during the
months of April, June, July and September.

20.5.7 Building Form Performance

Based on the results obtained from the shadow analysis carried out on the established
building roof types which are gable roof, lean-to roof, monitor roof and saw-tooth
roof, lean-to and gable roofs perform better with no self-shading, while monitor
roof performs better than the scissor-tooth roof having about 19%, 11% and 6%
shaded during the months of November to February, March/October and June/July,
respectively. While scissor-tooth roof has about 25%, 13% and 8% of its surface
shaded during the months of November to February, March/October and June/July,
respectively.
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20.5.8 Orientation

Orienting the building so the longer side or side with the largest area faces the
orientation with highest energy potential is key. A simulation analysis is carried out
to determine this orientation. The simulations test for the solar energy potential for
surfaces facing North, South, East and West, respectively, and for the exact azimuth

that gives the highest potential.
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20.5.8.1 Simulation Results

The energy potential of the BIPV systems is tested at four different orientations
(East, West, South and North). A crystalline silicon cell is used with an assumed
efficiency of 15% (average commercial efficiency). The simulation analysis was
conducted using PVGis® tool by Joint Research Center (JRC).

Assumptions while carrying out tests are:

Nominal power of BIPV system: 1.0 kW
Efficiency of BIPV cell: 15%

Losses (cables, inverters): 14%

Surface area of BIPV system: 1m?

Tilt angle of BIPV system: 15°

The results/performance are presented in graphical charts below:

The figure above represents crystalline silicon cell performance when placed
facing four different orientations (East, South, West and North). It performs best
when faced due south producing an average of 18.95 kWh/m? of electricity each
month (Fig. 20.10).

Crystalline silicon cell performance at four orientations

. 195
£ 18.95

= 19

=

-

c 185

S

2 17.75

3 ' 1755

o

g P2 17.16
K=

= 17

o

o

U 165 I
=

& 16

E East South West North
m

U BIPV tilt angle

g g

M BIPV cell angle

Fig. 20.10 Crystalline silicon cell performance at the various orientations
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20.5.9 Tilt Angle

BIPV performance for different tilt angles at different orientations would be studied.
This would be used to define the angles at which the building surfaces would be
tilted. Documentation would be made on this and the simulation analysis result
presented for each respective tilt angle to show performances.

20.5.9.1 Simulation Results

The energy potential of the BIPV systems are tested at varying tilt angles for each of

the four orientations (East, West, South and North). A crystalline silicon cell is used

with an assumed efficiency of 15% (average commercial efficiency). The simulation

analysis is conducted using PVGis® tool by Joint Research Center (JRC).
Assumptions while carrying out tests are:

Nominal power of BIPV system: 1.0 kW
Efficiency of BIPV cell: 15%

Losses (cables, inverters): 14%

Surface area of BIPV: 1m?

The results/performance are presented below:

The figure above compares the mean monthly electricity production of
commercial crystalline silicon cells at various tilt angles when placed facing due
south, west, north and east, respectively. It could be observed that the cells, when
placed due south, perform best at all tilt angles. The peak electricity production of
18.95 kWh/m? occurs when the cells are placed due south and tilted at 16°.

The results shows that a square metre of BIPV cells when faced south would
produce up to 18.95 kWh of electricity when tilted at 16° which is optimal for this
orientation, this value varies with varying tilt angle as shown in Fig. 20.11. At 90° it
produces 9.5 kWh of electricity.

A west facing crystalline silicon BIPV cell as shown in Fig. 20.11 produces up
to 17.55 kWh/m? of electricity tilted at 15° and 8.5 kWh/m? tilted at 90°.

From Fig. 20.11 it can be observed that a north facing crystalline silicon BIPV
cell produces 17.16 kWh/m? of electricity when tilted at 15° and 4.24 kWh/m?
tilted at 90°.

A crystalline silicon BIPV cell oriented due east as shown in Fig. 20.11 produces
17.75 kWh/m? of electricity at a 15° tilt and 8.91 kWh/m? when tilted at 90°.
The production when placed facing south is 1.2 kWh/m? better than when oriented
due east, 1.4 kWh/m? better than when oriented due east and 1.79 kWh/m? better
than when oriented due north.

The results show that optimum electricity for crystalline silicon BIPV cells is
generated at a module tilt angle of 16° and a module orientation of —4° having the
potential to generate an average of 18.95 kWh/m? of electricity monthly.
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BIPV performance at four orientations
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Fig. 20.11 BIPV cells performance at four different orientations

20.6 Summary of Findings

e The results show that solar photovoltaic systems could be integrated into the
tilted roof, skylight, facade walls, facade glazing and external device of the
factory’s building envelope.

* Rectangular plans with gable, monitor, lean-to and scissor-tooth roofs are the
building forms predominantly used for textile factories in tropical dry
climates.

e Crystalline silicon cell has the potential to generate an average monthly of
18.95 kWh/m? of electricity.

e Optimum electricity is generated when modules are placed on surfaces with a tilt
angle of 16° and an orientation of —4° (South —0°).

e Lean-to roof with rectangular plan performs best with no self-shading and
provides the largest surface for BIPV integration (Fig. 20.12).
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Fig. 20.12 Design framework for optimizing building form (Source: Author, 2017)
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Chapter 21

Storage for Community Electricity:

A Comparison Between Batteries and Mini
Pumped Hydro

Giilce Onbasili, Arthur Williams, and Sandeep Dhundhara

21.1 Introduction

This investigation is focussed on the study of microgrids operating in island mode for
remote communities that are beyond the reach of national transmission systems. We
assume that the electricity is supplied from renewable energy sources, which could
be solar or wind or a hybrid system, where both resources complement each other to
provide higher reliability levels. Wind and solar are intermittent resources; therefore
they need additional systems in order to be able to supply the loads and to control the
stability of the system. In some cases diesel or petrol generators are used as a backup
for the peak load and/or to work as a backup when the renewable generation is scarce.
However, in these remote locations, they are not recommended due to the uncertainty
in the supply and high cost of fuels in those isolated regions [1]. Maintenance costs
for backup generators are also high in remote locations, so battery storage is the most
common method to supply reliable electricity for these situations.

For national electricity grids, pumped hydro is the main source of storage, as it
the most cost-effective option, but at much smaller scale, this technology is not
competitive with batteries. There are two reasons for this: firstly, cost per unit of
hydro storage increases significantly for smaller systems; secondly, it is difficult
to maintain system efficiency above that of battery storage when scaling down.
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The aim of this paper is to identify the size at which mini pumped hydro becomes
competitive with battery storage.

The paper employs case studies where mini pumped storage would be an option,
and compares the cost-effectiveness relative to batteries. Two communities were
studied, one in Nepal and the other in Indonesia, where solar PV could provide the
main electricity demand, boosted by some wind power. Daily energy storage was
designed based on pumping water up from a river to a dedicated storage tank situ-
ated at the top of each village. Detailed costs and efficiencies were calculated for
pumped hydro installations of different capacities, and compared with battery costs
(for both lead-acid and lithium-ion technologies) using HOMER software.

21.1.1 Battery Characteristics for Energy Storage

In comparing batteries, it is important to take into account parameters that deter-
mine the effective capacity and economic use of the battery. Battery manufacturers
specify the coulometric capacity (ampere-hours), which is defined by the discharge
from a fully charged state until the terminal voltage drops to its cut-off voltage. The
ampere-hours capacity is variable as a function of the discharging current rate and
the depth of discharge (DoD). DoD is the conjugate of the state of charge (SoC) or
the battery, where SoC is defined as the ratio of the remaining capacity to the fully
charged capacity. Thus, when a battery is fully charged, the SoC is 100% and DoD
is 0% and vice versa. For lead-acid batteries, the economic DoD is around 50%,
otherwise the lifecycle of the battery is significantly reduced. This is the limit that
has been applied in the case studies.

Lead-acid batteries are the most commonly used for village microgrids. They
have been the lowest cost battery technology and are well established in the market.
Lithium-ion technology is a new contender for this application. It has high energy
densities in the range of 80-150 Wh/kg, making it the technology of choice for
electronic equipment such as laptops, cameras, cell phones, etc. and also in electri-
cal vehicles. It is a developing technology with high potential for new advances. The
advantages of this technology over lead-acid are the higher energy density, higher
lifecycle, higher DoD (typically 90%) and efficiency (up to 95%). Normally the use
of Li-ion batteries requires a control strategy and a security system including over-
load, excessive discharge, overcurrent, short circuit, high temperatures and over-
voltage. The main disadvantage currently is the greater initial cost per unit of
storage, impeding its greater penetration into off-grid systems. Figure 21.1 presents
a comparison between these technologies and others available in the market.
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Fig. 21.1 Comparison between different storage technologies (adapted from [2])

21.1.2 Pumped Hydro Storage

Pumped hydro storage (PHS) allows excess electricity generated at off-peak times
to pump water from a river or lower reservoir up to a higher reservoir for using when
it is needed. In large-scale electricity grids, they are widely accepted as the main
method of storage due to high efficiency and relatively low cost. Fast response times
of the order of a few minutes mean that they can work well to balance intermittent
renewable sources, solar and especially wind. Pumped hydro storage plants are gen-
erally more expensive than conventional large hydropower schemes with storage,
and the costs are site specific.

The technology has significant economies of scale, which is why the minimum
size for grid-connected PHS plants is around 200 MW. Small hydro projects have
generally higher investment costs per kW of capacity, increasing if the plant has
lower head, as shown in Fig. 21.2. Plant efficiency decreases with decreasing size,
so it is expected that for very small-scale energy storage, pumped hydro will not be
competitive with batteries.

Once commissioned, hydropower plants require little maintenance, and opera-
tion costs will be low. Annual O&M costs are often quoted as a percentage of the
investment cost per kW per year. Typical values range from 2.2% for large hydro-
power and 2.2% to 3% for smaller projects [3]. Some studies indicate fixed O&M
costs represent 4% of the total investment cost which may be more suitable number
for small-scale production. Lifetime is relatively long, particularly for large-scale
systems, with 30 years or more for the electromechanical equipment and 50 years
or more for the refurbishment of penstocks and tail races.
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Fig. 21.2 Investment costs for small hydro as a function of installed capacity and turbine head [3]

21.2 Methodology

HOMER, the Hybrid Optimization of Multiple Energy Resources, is the most
widely used software for simulation and optimization of renewable energy based
mini-grids [4]. This software is suitable for the current investigation as it is aimed at
economic optimization. It uses hour-by-hour modelling of available resources and
loads, which is a reasonable time step for consideration of daily storage of energy.
Two separate case studies, based on actual locations, were chosen to carry out the
study, one in Nepal and one in Indonesia. Different sizes of storage were then com-
pared using PHS and batteries to assess the capacity at which the costs overlap.

At the village Hanku (Nepal), the main sources of energy are kerosene and fuel
wood for lighting and cooking. Radios are powered with batteries. Hanku’s popula-
tion consists of 2200 inhabitants and 440 households, with the houses located close
by each other. It is in the district of Jumla, which is one of the areas with lowest
electrification rate in Nepal. The site is suitable for micro hydro pumped storage as
it has a lake and, as with many villages in Nepal, a high head available between the
lake and the lowest part of the village.

The village chosen in Indonesia is in East Papua, which has the lowest electrifi-
cation rate in the whole country, at 30% [5]. The specific village chosen is Tambat
in Tanah Miring district, due to availability of water sources: a lake and sufficient
head for PHS application. The village is larger than Hanku with nearly 4500 inhab-
itants in 920-950 households. Nevertheless, in the costings, materials and labour for
constructing an upper storage tank are included in each case, as few villages will
have a natural water store at the high level.

For the HOMER simulations, the solar radiation and wind speed have been
uploaded for the exact geographic coordinates of the villages’ locations. Solar
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outputs were based on a recommended tilt angle of 30°, which gives good output
and enables some self-cleaning of the modules. Wind data was adjusted for the
actual turbine hub heights (10 or 15 m). Some assumptions were made about the
loads to be supplied. The programme was run with the load sensitivity selected from
different ranges between 0.11 kWh per household per day and 0.57 kWh per house-
hold per day for both villages. Average load was decided as 0.37 kWh per household
per day, which is fairly generous for village electrification, allowing for additional
loads over and above lighting since one LED of 10 W used for 5 h is only 0.05 kWh/
day. Other case studies in the literature note that demand tends to grow once elec-
tricity is installed. For Nepal, with Hanku having a colder climate than Indonesia,
additional load is based on small mat heaters or electric blankets that are 70 W. For
Tambat, the hot climate all year round requires fans of a similar rating. Other types
of loads with low consumption, such as radios and mobile phone chargers, could be
available in every house.

Time series data of the loads have to be indicated to HOMER. For this study, a
synthetic load from a typical “community” profile was chosen. The load is projected
to have a cyclic annual variation taking into account the month expected to have the
highest energy consumption, which is January for Hanku to fit with ambient tem-
perature profiles in Nepal. Figure 21.3 presents the load profile of the community
with the mentioned seasonal profile variation; the average consumption per day of
this profile is 165 kWh with average load of 6.88 kW and peak of 24.57 kW.

Random variability of loads is accounted for by using the ‘day-to-day’ option,
which causes the size of the load profile to vary randomly from one day to the next,
but keeping the same shape. The ‘time step’ disturbs the shape of the load profile
without affecting its size. Values of 10% and 20%, respectively, are considered in this
work. Lastly, HOMER permits scaling the baseline profile to perform sensitivity anal-
yses. For this, scaled daily average values of 50 kWh, 100 kWh, 165 kWh and
250 kWh were set, which takes into account uncertainty in the consumption profiles.

HOMER uses costs and performance based on actual batteries, solar modules
and wind turbines. For the PHS, detailed costings were carried out based on the size
of the storage tank and length and diameter of penstock pipe, using local labour and
materials costs in each case.
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Fig. 21.3 Community load profile
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21.2.1 Pumped Hydro Configuration

The main components of a pumped storage hydro scheme are shown in Fig. 21.4. For
most modern systems, the turbine and pump are a single reversible unit, which is
directly connected to the generator/motor. Some schemes use separate units for pump
and turbine, which can be connected to the generator/motor alternately. This system
is more complex but may have a higher efficiency, since unit units can be hydrauli-
cally optimized. The layout with a reversible pump/turbine reduces the construction
cost up to 30% but may have lower efficiency (around 2% for large systems) [6].

In large-scale pumped storage systems, the reversible pump/turbines are designed
for the specific site and have variable guide vanes to control the flow. Some systems
have also incorporated one unit with variable speed in order to improve efficiency at
part flow, the range of head and the dynamic response time of the plant [7]. Using a
pump as turbine (PaT) is a cost-effective solution for electrification for isolated com-
munities and is therefore an obvious choice for use as a pump-turbine in a mini
pumped storage project. A previous case study compared crossflow turbines against
a PaT taking into account energy generation equipment, civil works and energy
distribution system. This showed that a 2 kW PaT system offers a 53% cost reduc-
tion for energy generation equipment compared to crossflow turbine [8]. The effi-
ciency of pump in turbine mode is usually lower than that of conventional hydro
turbines; however, the advantages of installation simplicity (a reversible pump-
turbine) outweigh this limitation. Particularly up to 100 kW capacity power plants,
the use of PaT may be justifiable because, even though efficiency of PaT is lower, its
use will lead to significant reduction in the capital cost of the plant. In this range, the
investment cost for conventional hydro turbines is relatively high, and the payback
period can be as high as 15 years, which can be reduced to 3 years using PaT [9].

For the application in mini pumped hydro, a centrifugal pump was selected that
can operate in turbine mode without any modification of mechanical components. A
standard centrifugal pump works in turbine mode economically in the range from
13 to 75 m of head. Above this range the efficiency reduces, but lower heads mean
higher flows, which result in a large and expensive pump. Actual pumps were
selected for this application from the KSB range.

Motor / Generator

B Pumping Mode
Il Turbine Mode

<

Pump / Turbine <
4

Fig. 21.4 Main components of a pumped hydro storage (PHS) system [6]
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Each mode of operation of the reversible PaT has a different operating characteristic.
As a turbine, the head-flow characteristic of the PaT follows a rising curve, which is
fixed for each rotational speed, since there are no adjustable guide vanes. Below a cer-
tain flow, there is no output, because the turbulence losses are greater than the fluid input
power.

An example set of performance curves is shown in Fig. 21.5. In turbine mode, a
standard pump operates with higher head (H) and discharge (flow rate, Q) for the
same rotational speed (N) relative to its pump performance. The efficiency of the
turbine is typically 3% less than the pump’s efficiency [11].

A PaT system generally uses the pump’s induction motor as an AC generator. For
stand-alone installations, capacitors are required to provide reactive power that
allows the pump’s motor to generate AC electricity. Turbine performance of the
selected pumps was predicted using Sharma’s method [11].

Sharma’s prediction was expanded to take into account the changing speed using
the pump affinity laws, i.e.

Qt = Nt /Np ><Qbep /nmaxOAS
Ht = (Nt /Np )2 ><I_Ibep /nmaxL2

where bep refers to pump best efficiency.
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Fig. 21.5 Example pump and PaT curves (head vs. flow rate) [10]. Note: bep best efficiency point
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21.3 Results and Discussion

The simulations of the microgrids to supply electricity for the basic needs of the
villagers in Nepal and Indonesia are presented in this section. For Hanku in Nepal,
the average daily load has been set to 165 kWh/day. Three different simulations
were set up to compare lead-acid against lithium batteries, PHS against lead-acid
and PHS against Li-ion batteries. Two of the architectures are shown in Fig. 21.6,
with arrows showing the power flow directions. Using HOMER, the most economic
choice of generator capacities was selected in each case, by changing the number of
PV modules, batteries, etc.

After running around 800,000 different simulations over 6 h, the results for the
battery comparison were obtained. Figure 21.7 shows the levelized cost of energy
(LCOE) based on economically optimized system components. The LCOE is simi-
lar for the two battery types across a range of loads, despite the lithium technology
being approximately 2.6 times more expensive than the lead one. This is due to the
higher efficiency and greater DoD for the Li-ion battery, so less batteries and less
generating capacity are needed for the same load. Another advantage of Li-ion bat-
teries is their longer life. A recent study looking at four other case studies confirms
the economic benefit of Li-ion batteries for microgrids [12].

For the comparison of lead-acid batteries with PHS, around 450,000 different
simulations were run, using the architecture shown in Fig. 21.6b. The PHS has been
placed in the DC exclusively because HOMER does not allow setting it up as an AC
component. However, since the important results from this simulation are the energy
balances, the impact of this point over the sizing of the microgrid is only the sizing
of the converter, making the overall PHS system slightly more expensive than it
would be in reality.

The same process was applied to obtain the results shown in Fig. 21.8. Here there
is a difference in the LCOE between the storage technologies: from a daily load of

AC DC AC DC
HY-10KW | Electric Load #1| ZCM6-72P-310W  HY-10KW | Electric Load #1| ZCM6-72P-310W

b IRt JANNPNE ST INSL J

16524 kWh/d 165.24 kWh/d
3717 kW peak 3717 kW peak
HY-2000W Converter Ll 1_;\! BDO_IAH HY-2000W Cgrwerter 12VRE—300QTF-L

AT (G

12VRE-3000TF-L PH 250kWh

—{ED) L EB

Fig. 21.6 Nepal hybrid system architecture for (a) lead vs. lithium batteries and (b) battery vs.
PHS simulations
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Fig. 21.8 Nepal LCOE for PHS 250 kWh vs. lead battery simulations

around 100 kWh/day, a PHS 250 kWh is cheaper than using lead-acid batteries, for
example, for a load of 165 kWh/day, the unit electricity cost with PHS is around 10%
lower. The net present cost of the PHS scheme is US $278,000 (USD) (see Table 21.1)
rather than $408,000 required for a system with batteries.

As efficiencies for 165 kWh/day are comparable between PHS and lead-acid
batteries, both use the same size of PV (93 kW), but the PHS has four 2 kW wind
turbines, instead of five. A comparison between Li-ion batteries and PHS showed
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Table 21.1 Sensitivity analysis for different loads
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Fig. 21.9 Indonesia LCOE for PHS 400 kWh vs. lithium battery simulations

similar net present cost and LCOE to the lead-acid batteries, with the LCOE cross-
over against PHS at around 100 kWh/day.

A similar set of simulations were carried out for Tambat in Indonesia. Since it is a
larger village, the average daily load is 322 kWh/day, based on scaling the profile in
Fig. 21.3 and considering a peak load in July due to increased fan use at higher tempera-
tures. The difference between the two battery types was negligible. Comparing PHS and
battery, the LCOE values across a range of daily loads are shown in Fig. 21.9. Note that
the LCOE for the PHS is similar to Hanku in Nepal. The increasing cost at 450 kWh/day
load is due to the limit of 200 kW for the PHS power.

It is interesting to compare the breakdown of costs for the different sizes of PHS,
which are shown in Fig. 21.10.

As the PHS size decreases, the cost of the penstock becomes a significant part of
the total cost. The penstock pipe diameter was chosen in order to keep the head loss
down to less than 1.5% of total head. For the 200-250 kWh systems, a 75 kW pump
was chosen, which has an efficiency of 84% and motor efficiency of 95%, resulting
in round-trip efficiency for the PHS of 59%. The round-trip efficiency falls to 44%
for the smallest size considered in this study. Full results of efficiency and capital
cost comparison are shown in Fig. 21.11.
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Fig. 21.10 Cost breakdown for PHS (as % of total), with installed capacities of 50 kWh and
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Fig. 21.11 Efficiency and capital cost vs. rated power for the three storage technology options

21.4 Conclusions

This study on small-scale pumped hydro schemes shows that they can be cost-effective
in comparison to batteries. Based on the assumptions made, which have been designed
to reduce head losses, PHS can be feasible storage systems for rural off-grid electrifi-
cation, instead of batteries. This applied for places with daily average load of 100 kWh
and above. Three constraints have been identified that can affect this conclusion.
Firstly, PHS is highly site dependent and may not be feasible for every location. The
communities selected for the study are representative of remote locations where grid
power is unlikely to be available, but a reasonable head difference is required.
Secondly, the pump as turbine with pole-changing machine may be a cheap and robust
option, but it cannot be directly compared with batteries in terms of dynamic response.
Variable speed technology, and maybe a separate pump and turbine, would increase
the flexibility of the system but also increase cost and complexity. This technology is
used for larger schemes to help stabilize the grid frequency, but is not available off the
shelf for smaller systems. Finally, the costs of batteries, especially Li-ion, are decreas-
ing, which means that they will be competitive for larger and larger storage systems.
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Chapter 22

Urban Microclimate and Thermal Comfort
in the Social Housing Districts of Rome:
The Combined Effect of Built Form

and Urban Materials

Check for
updates

Michele Morganti and Federica Rosso

22.1 Introduction

Nowadays, cities are undergoing many challenges, given the unprecedented urban
growth [1]. Urban heat island (UHI) effect has been studied by researchers in the
past decades and has been demonstrated capable to increase urban temperatures up
to around 10 °C [2]. As a consequence, UHI mitigation is of fundamental importance
in order to ameliorate citizen’s well-being and outdoor thermal comfort, by also
increasing the time they spend outside, which on its turn could benefit social life.
Moreover, this action has a positive effect on reducing energy consumptions, one of
the primary objectives of the EU. In particular, in the Mediterranean area, outdoors
are a direct continuation of citizens’ houses, in the way that a large portion of time
is daily spent outside, due to favourable climate conditions. Thus, the quality and
improvement of comfort in the outdoor environment are not only a social but also a
cultural factor that requires attention and appropriate design solutions focusing on
UHI mitigation in the Mediterranean cities.

Previous studies investigated the effect of morphology and materials on energy
consumptions and comfort, demonstrating that these characteristics of the built
environment are able to influence both [3-5]. In this research, built form and
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materials are taken into account with respect to their effect on urban microclimate
and thermal comfort for pedestrians in the twentieth-century social housing districts
of Rome, selected as representative of many others of Central-Southern Europe.
Recently, given the unprecedented growth of cities and land consumption, urban
areas and the existing building stock underwent a renovation process. Unfortunately,
such renovation mainly focused on energy retrofit and building component and it
was completely unaware of its environmental performance, missing the opportunity
to apply existing knowledge and innovative design strategies in order to ameliorate
urban microclimate conditions and to reduce building energy demand.

Considering that many inhabitants live in the above-mentioned social housing
districts, which account for a large part of the urban footprint (from 9% to 15% [6]),
studying effective strategies to renovate these urban areas would be beneficial, not
only for environmental but also for social and economic reasons. Moreover, most of
these districts were designed by celebrated architects and have unitary and
recognizable characteristics in terms of urban form and construction features.
Studies on these districts were carried out with respect to architectural and
technological features, as well as to design their sustainable transformation and
regeneration [6, 7].

Our work takes into account social housing districts of Rome: three case studies
(Pineto, Vigne Nuove and Torrevecchia), characterized by similar features in terms
of construction period and technology, urban fabric and climate conditions are
analysed, with the aim of mitigating UHI through site-appropriate design renovation
strategies for the outdoor areas between the buildings, which are a fundamental
portion of the neighbourhood life. It is important to highlight that the microclimatic
interaction occurring in the built environment requires to not disjoint these strategies
from the building retrofit themselves: interventions on buildings’ envelope will have
an impact on the outdoors [3], while interventions on the outdoors will have an
impact on buildings’ energy demand [8, 9]. Simple interventions on the building
envelope are hypothesized, while their effect is not investigated with respect to
energy consumption, but only to outdoors thermal conditions.

In greater detail, based on previous studies, two improved scenarios were
designed to assess the effectiveness of determined strategies in mitigating UHI and
improving outdoor conditions for pedestrians. These strategies are (i) the creation of
irrigated green areas, introducing additional trees and water ponds [10], and (ii) the
modification of the outer layer of buildings’ envelope from traditional material to
cool paint. Our design proposal allows to exploit evapotranspiration (green and
water), shading from direct solar radiation (trees) and cooler surface temperatures
(cool paintings) and are considered with respect to the Mediterranean climate.
Therefore, the aim of this preliminary research is to promote climate-sensitive urban
renovation design strategies, taking into account the distinctive features of the social
housing districts, and to improve their environmental, social and economic
sustainability.
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22.2 Case Study Districts

The districts selected as case studies—Pineto, Vigne Nuove and Torrevecchia—are
located in Rome; thus they are subjected to the same climate conditions, typical of
the Mediterranean climate. Moreover, these districts were developed by means of
public investments as social housing, complying with Italian regulations: L.167/1962
about urban planning and L.373/1976, concerning building energy consumptions.
Indeed, the construction period is that of the 1970s—1980s. More precisely, Pineto
was built in 1975-1978, Vigne Nuove in 1972-1977 and Torrevecchia in 1979—
1986. The common construction period and regulations allowed having a
homogeneous urban layout, as well as peculiar construction systems and building
technologies (Fig. 22.1). The districts consist of residential buildings, while only
few buildings on the main axes have commercial uses on the ground floor. The
construction system is based on reinforced concrete structure; prefabricated concrete
slab as finishing facade layer, with internal insulation layer; and insulated flat roof.
Public space between buildings is characterized by untended green areas, which are
arid during the warm season, asphalt roads and sidewalks and generally asphalt
parking areas. Trees are distributed in these green areas, usually close to the
buildings and along the main street axes, while missing on the secondary roads, e.g.
in Torrevecchia, and in smaller public areas. Actually, the outdoor areas of the
districts are not completely exploited by citizens living there, while we base our
study on the hypothesis that by improving the outdoor, public spaces conditions, we
could increase the usability of these areas and thus benefit the social, economic and
environmental sustainability of the neighbourhoods.

SE=er

g e

Fig. 22.1 Aerial views of the social housing districts selected as case studies and model plans of
the proposed scenarios with urban design strategies for UHI mitigations: left, Pineto; middle,
Torrevecchia; right Vigne Nuove
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22.3 Urban Design Strategies for Improving Outdoor Urban
Microclimate

Research has been conducted on the possible strategies to improve outdoor urban
microclimate conditions, towards pedestrians’ comfort conditions. Indeed, as
described in the introduction section, the UHI is posing serious issues in cities,
worsening citizens’ comfort and threatening their health, as well as increasing
energy consumption for cooling in buildings. The main physical factors influencing
outdoor human comfort are air and mean radiant temperature, relative humidity,
global solar radiation and wind velocity. Indeed, the built environment is able to
strongly influence all these variables, depending on urban morphology and materials
composing urban areas [11].

Among the most common solutions to improve outdoor thermal comfort, there
are the use of green, under the form of grass, urban parks or trees; the use of water,
under the form of fountains and ponds both in parks and squares/urban canyons; and
the use of cool materials, under the form of external finishing layer of buildings’
envelope or urban paving. In greater detail, greenery allows both shadings from
solar radiation and cooling by means of evapotranspiration. Studies evaluated that
while grassland is more effective to reduce mean radiant temperatures during the
night-time (—1.5 K), trees and bushes are more effective during the daytime,
lowering mean radiant temperature up to 6 K [12, 13]. Water body effectiveness in
reducing heat stress in persons staying outdoor is due to their thermal capacity and
to the cooling of urban temperatures by means of evapotranspiration [14].
Particularly, the positive effect of water ponds depends on their dimension: larger
ponds’ effect extends on wider areas, even if also 4-square-meter-large pond has
been demonstrated able to lower air temperature.

Finally, cool materials on both vertical and horizontal urban surfaces reflect a
large part of the solar radiation and thus maintain lower surface temperatures [15].
Depending on the urban form, especially in narrow urban canyons, they can cause
thermal stress in pedestrians, when multiple reflections happen [3].

22.4 Methodology

The first part of the study consisted of characterizing key factors that affect urban
microclimate for case studies. Then, the districts were modelled on ENVI-met
software to carry out the assessment taking into account built form and urban
materials. For each case study three scenarios, based on the same design criteria but
in consideration of each district’s peculiarities, were analysed: (1) Scenario 0, the
reference case, i.e. the current situation, which has been observed by means of
in-field surveys, maps and 3D tools; (2) Scenario I, acting on the public space
through the conversion of untended green areas into irrigated grassland, the addition
of new trees and water ponds in the public areas; and (3) Scenario 2, applying cool
paints on buildings’ envelope and roofs.
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More in details, the following design criteria have been applied to Scenario 1: (a)
when missing, to add trees along sidewalks and parking areas; (b) to add large, but
proportioned to the available space, water ponds in the abandoned parks, as close as
possible to the surrounding buildings, in order to favour energy demand reduction
as a side benefit; (c) to substitute untended green areas—arid during the hot season—
with irrigated grassland areas; and (d) to add trees inside the park, close to the main
paths. Scenario 2 dealt with buildings’ external envelope, by adding cool materials
as finishing layer on all the vertical and horizontal buildings’ surfaces. This choice
was led by the observation that a large variety of cool materials exists; thus by
applying a generically high value for solar reflectance on the simulation software,
we did not apply any constraint to the built environment with respect to architectural
variety. Indeed, even if cool materials were most often associated with light-coloured
materials, recently many cool-coloured materials were developed.

The simulations were implemented by means of the numerical three-dimensional
microclimate model ENVI-met (v. 4.3.2). Details about models, simulation input
data, building properties and simulation outputs are shown in Table 22.1. Results
are presented considering the key factors that determine microclimate and outdoor
thermal comfort: air temperature (7a), surface temperature (7s), relative humidity
(RH), sensible heat flux (SHF) and PMV index [16].

22.5 Results and Discussion

The output of the simulations showed consistent results among the three districts.
Specifically, considering Pineto, it has been demonstrated that all the above-
mentioned factors were modified by these interventions, which were effective in
improving thermal conditions for pedestrians during the 21st of June as a
representative summer day, simulated at 15:00 in the afternoon (Fig. 22.2). In
particular, the difference in 7a is equal to —1 °C in the park, and T's were decreased
up to 20 °C, while the difference in RH is about 6 points. The most effective measure
in lowering temperatures resulted to be the presence of shading against solar
radiation, whereas the addition of trees was particularly effective on the sidewalks.

In Torrevecchia, air temperatures were lower than in the other considered dis-
tricts: we hypothesize this effect is due to the wind, which is allowed into the neigh-
bourhood due to the open morphology. However, the above-described improvements
permitted to lower significantly both air and surface temperatures. In terms of 7a,
—2 °C is observed in the park, close to the ponds; —1 °C on the sidewalks close to
the buildings; and —3 °C on the sidewalks close to the driveways. With respect to T,
improvements are even more significant: up to —15 °C in the park and — 3 °C close
to the buildings and on the sidewalks. The main positive effect can be noticed in the
square enclosed by the buildings, where grassland and trees allow to reach —10 °C:
this is a very good result, considering that this square is frequented, due to the posi-
tion. The difference in RH is above 4 points.

Finally, in Vigne Nuove, the same results were assessed, with a decrease in air
temperature up to 1 °C due to the addition of trees. Surface temperatures in the park
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Table 22.1 Main settings of the microclimate simulation for Scenarios 0, 1 and 2.

Simulation model Simulation date June
size 500 % 500 x 90 m 21 Duration 06:00-16:00
Grid cell size Horizontally 5 m; vertically 3 m; telescoping Location

factor z=0.20 Rome (41.54 N,

12.30 E)

Climate conditions | Wind speed (10 m height): 3.59 m/s Climate data

Wind direction: 243° NCEP

Scenario ( Scenario 1 Scenario 2

Soil properties
Soil wetness 10-10-30% 60-70-80% 10-10-30%
(upper-middle-
lower layer)

Vegetation and P. T V. P. T. V. P. T. V.
water ponds

(Pineto-

Torrevecchia-

Vigne Nuove)

Irrigated 0 0 0 16,140 | 48,670 | 26,900 | 0 0 0
grassland (m?)

Nonirrigated 16,140 | 48,670 26,900 | 0 0 0 16,140 | 48,670 | 26,900
grassland (m?)

Trees*(number) 183 420 353 457 816 676 183 420 353
Water ponds (m?) |0 0 0 4040 | 5040 4780 |0 0 0
Building materials

Absorption 0.70 0.70 0.15

Reflection 0.30 0.30 0.85

Output simulation | Air temperature (Ta) | Wind flow Relative humidity
data June 21 at Surface temperature | Sensible heat flux PMYV index

15:00 (Ts) (SHF) (post-proc.)

*Populus alba, Pinus pinea, pine and cypress for Scenarios 0 and 2; Populus alba, Pinus pinea,
pine, cypress, privet, Tilia cordata and Populus alba for Scenario 1

were lowered up to —15 °C by inserting irrigated grassland, trees and water ponds.
A noticeable improvement in terms of surface temperatures can be observed due to
the addition of trees, lowering street temperatures from over 47 °C down to around
34 °C. The difference in RH is up to 6 points. Indeed, the most critical part of the
urban layouts were those spaces enclosed by buildings, e.g. the square in Torrevecchia
and the urban canyons both in Torrevecchia and Vigne Nuove. Here, the positive
effects of the improvement strategies acting on public spaces were demonstrated.

The design solutions of Scenario 2 (cool materials) had no significant effect on
outdoor conditions, due to the open morphology of the considered districts, which
permits wind to flow by while avoiding solar trapping.

The Scenario 1 introduces the most effective UHI mitigation strategies for all the
case studies. The results of the key factors and their spatial distribution proved a
significant positive effect of the urban design solutions on the local microclimate
(Fig. 22.2 and 22.3). Shading, wind direction and speed are crucial in determining
the most favourable microclimate condition at different hours.
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Fig. 22.2 Maps of Ta and Ts + SHF for Scenarios O (top) and Scenarios 1 (bottom) at 1.5 m
height: Pineto (left), Torrevecchia (middle) and Vigne Nuove (right)

22.6 Conclusions

This study allows opening fruitful discussion about the possible strategies to adopt
for improving the livability of social housing districts built in the 1970s—1980s,
which constitute a large portion of Italian suburban building stock. The effectiveness
of different urban design strategies has been investigated, in order to foster outdoor
comfort conditions and to mitigate UHI. The microclimate simulations of three case
study districts, performed with ENVI-met software, demonstrated a significant
variation of relative humidity and air and surface temperatures due to the
implementation of site-appropriate urban design strategies, such as green and blue
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Fig. 22.3 Absolute difference of PMV index between Scenarios O and 1 in the case of Pineto
district

surfaces. The improvement of outdoor thermal comfort key factors (7a, Ts, RH,
SHF, PMV) cannot be considered negligible in this case.

Based on the results, a microclimate-conscious urban renovation process of such
social housing districts should take into account the following actions, namely, (1)
the addition of trees inside the park, close to the main paths and recreational areas;
(2) the addition of trees along sidewalks and parking areas (when missing); (3) the
irrigation of public grassland areas; and (4) the addition of large water ponds in the
abandoned gardens. Moreover, the availability of unbuilt space between the
buildings, which nowadays in most of the cases is not maintained, opens up the
possibility to renovate such public areas for the social, economic and environmental
life of the inhabitants. The tailored interventions allowed improving the usability of
the parks, by providing shelter from heat by means of trees, grassland and ponds,
and also that one of the sidewalks and squares.

Most of the UHI mitigation measures are designed at city or regional scale rather
than at the district scale, often neglecting the peculiar behaviour of each urban fabric



22 Urban Microclimate and Thermal Comfort in the Social Housing Districts of Rome... 301

and its contribution to the urban system behaviour as a whole. When applied at the
district scale, as in the case of these social housing districts, the benefits of suitable
design solutions for UHI mitigation were magnified.

Due to this peculiar open morphology, the addition of cool materials on the
external envelope of buildings, while beneficial to reduce energy consumptions,
allows not to ruin outdoor thermal comfort. Considering that cool materials were
demonstrated as able to lower the energy consumption of buildings and that a cer-
tain part of the literature found that cool materials were deleterious for outdoor
comfort in dense environments due to multiple reflections, we can conclude that
even if not beneficial for the outdoors, such materials are hypothesized to lower
energy consumptions without negatively impacting outdoor thermal comfort in
these neighbourhoods.

Findings will contribute to promoting a climate-sensitive design perspective
towards urban renewal strategies, taking into account the Mediterranean climate and
the distinctive features of the above-mentioned districts. With this work, we
highlight the need to consider the peculiarity of each existing area of intervention,
in order to tailor the different strategies and materials to employ with respect to the
specific morphology and in consideration of the identity of the place. Specifically,
we aim to start a fruitful and much-needed discussion on a specific, disadvantaged
part of our cities, in consideration of ongoing and future phenomena challenging
our urban areas.
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Chapter 23

A Technical Evaluation of Performance
Characteristics for Pump as Turbine
Application

Ombeni J. Mdee, Cuthbert Z. M. Kimambo, Torbjorn K. Nielsen,
and Joseph Kihedu

23.1 Introduction

Centrifugal pumps are widely available in developing countries to pump water for
domestic and industrial use in irrigation, livestock, and sewage systems [1, 2]. The
same pump works as a turbine to generate mechanical rotational energy when water
flows in the reverse direction. The concept of reversing the pump has been devel-
oped since the mid- and late 1970s, especially for micro and mini hydropower
development [3]. The pump as turbine (PAT) system has advantages for stand-alone
micro hydropower compared with conventional water turbines that include avail-
ability in large numbers with a range of capacities and heads, low cost, and easy
availability of spare parts such as bearings and seals [4—6]. However, PAT perfor-
mance in terms of head, flow rate, power, and efficiency is not yet well defined
related to off-the-shelf pumps [7-11].

Experimental evidence shows that the pumps run at different performance char-
acteristics in turbine mode at the same rotational speed [12]. But, PATs are very
sensitive to changes of head, flow rate, power, and efficiency within fixed geometric
conditions, which shift the operating point, leading to undesired outputs or failure
of the scheme [13, 14]. Therefore, the inability to easily acquire pump performance
characteristics in reverse mode limits as the turbine options. This review chap-
ter presents the evaluation of the operational parameter characteristic, determination
of the performance characteristics by modified pump components examination of
the internal characteristics, as well as assessment of the conversion methods used
for off-the-shelf pump selection.
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23.2 Operation Parameter Characteristics

The common basic operational parameter characteristics were described below:

23.2.1 Head, Flow Rate, Power, and Efficiency Characteristics

The tests were performed on 32 PATs used to describe the main characteristics
including head, power, and efficiency versus the flow rate coefficients that were
plotted in Fig. 23.1 [15]. The PAT characteristics were normalized to get the fit lines
for head ranges from 1.99 m to 99.52 m, the rotating speed ranges from 750 rpm to
2445 rpm, specific speed ranges from 0.17 to 2.39, and flow rate ranges from 0.008
to 0.222 m¥/s. The head coefficient (¢), flow rate coefficient (¢), and power coeffi-
cient () were taken as the ratio to its maximum value. The results indicated the
head and power coefficients increased by adding the flow rate coefficient and the
maximum point determined by the efficiency curve.

25 » Normalized head curve - 1.2
= Normalized power coefficient curve
+ Normalized efficiency curve L
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- 06 &
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Fig. 23.1 PAT performance curves for different head, power, and efficiency versus flow rate coef-
ficients [15]
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23.2.2 Comparison of PAT and Pump Characteristics

The comparison of PAT and pump was conducted by considering the head ratio,
flow rate ratio, efficiency ratio, and specific speed ratio at the best efficiency point
(BEP). The ratio is obtained by taking the PAT characteristic divided by the pump
characteristic. Twenty-eight (28) pump characteristic curves in turbine and pump
modes were collected from [1, 9, 13, 16-20]. Figure 23.2 presents the variation of
head ratio and efficiency ratio versus the flow rate ratio of specific speed range from
9.08 to 79.21 rpm. The head ratio, efficiency ratio, and flow ratio were obtained
either directly or by interpolating from curves at the BEP.

Also, Fig. 23.3 presents the specific speed ratio versus the pump specific speed.
Each pump in the market has different values of specific speed defining at the BEP
[21]. The specific speed of PAT also can be deduced from the conversion equations
from [16, 22, 23]. The n, presents the specific speed, and subscripts t and p present
the turbine mode and pump mode.
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Fig. 23.2 Variation of head ratio, flow rate ratio, and efficiency ratio against pump specific speed
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Fig. 23.3 Variation of specific speeds

23.3 Modification of Pump Components

Many experimental works have been conducted to test the performance characteris-
tics of PATSs as described in [16-18, 24, 25]. Computational fluid dynamics (CFD)
is quite helpful rather than experimental work in case of investigating the internal
hydraulic losses, i.e., losses in the impeller, draft tube, volute casing, and flow pat-
tern [26, 27]. Also, changing the blade inlet angle between 70° and 135° for forward-
curved blade improved the efficiency [28]. Table 23.1 presents the pump components
with performance characteristics, methods, and tools as collected in [13, 29-33].

23.4 Internal Characteristics

The PAT has the following internal characteristics as described below from different
research works:

1. Single-stage pump with seven twisted backward blades [34] and multistage
pumps with eight twisted blades [35] indicated to have swirl flow and flow sepa-
ration characteristics between impeller blades.

2. Discharge part indicated more swirl flow by using a single pump of four blades
[36].

3. The occurrence of flow separation and flow recirculation can damage the pump
components during the part load condition [22, 37, 38].
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Table 23.1 Performance characteristic summary of modifying the pump components

Pump component
modification

Methods and tools

Performance characteristics

Changing the profile of
impeller with blades
[28]

The original impeller with
backward blades was modified to
be forward blades and tested both
in laboratory test rig and
numerical simulation

1. Efficiency increased by 8.26%
when applied CFD simulation

2. Efficiency increased by 8.11%
with experimental data

Rounding blades, inner
and outer shroud plate
[29]

Mechanical cutting edges and
tested in laboratory test rig

1. To reduce the losses by
5-10%

2. To increase the efficiency up
t0 2.5%

Guide vanes [30]

Attached the guide vane to the
volute casing and tested in
laboratory test rig

PAT has less efficiency than pump
runs in pump mode, but guide
vanes attached to the casing
increased the efficiency

Sizing of impeller
diameter [31]

Three impellers tested in
laboratory test rig with single-
stage centrifugal pump

Increased the efficiency up to
10.26% when impeller diameter
increased from 215 to 255 mm.
Total hydraulic loss indicated to
drop as impeller size increased

Redesign of blades,
rounding leading edges
of blades, shroud and
hub plates [32]

Impeller with blades designed by
gradient algorithm coupled with
3D Navier-Stokes flow solver
and then manufactured and tested
in the laboratory test rig

It increased the head coefficient
up to 5.5%, flow coefficient up to
19.8%, power coefficient up to
36.1%, and efficiency up to 5.5%

Grinding the impeller
tips [33]

Percentage grinding the inlet
edges and tested in laboratory
test rig

It increased the efficiency up to
3.2%

Rounding blades, inner
and outer shroud plate,
modified inlet casing
rings and eye
enlargement [13]

Mechanical percentage cut edges
and tested in laboratory test rig

All three cases indicated the
efficiency rise from 1% to 2.5%

4. The total time dependent on flow circulation from a complete cycle of first and

last gap around the radial gap between the impeller size and volute casing is 0.8
times the rotor rotation period [39].

. Radial forces show minimum averaged amplitude of the unsteady radial force at
the BEP [34]. PAT radial force varies with changing the relative position of
impeller blades [20]. Unbalanced impeller forces acting in the axial direction are
resolved by the bearings [40].

. The hydraulic losses and pump geometrical shape lower the PAT efficiency. The
conversion equations of hydraulic losses in the discharge and inlet parts, impel-
ler, volute casing, and vaneless diffuser were described and experimentally tested
in [1, 41].

. The critical effect of cavitation is obtained by reducing head to 2-3% for pumps
and turbines, respectively, at the BEP [13, 42]. Small PATs should have the same
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Thoma number as the pump, and the rest can lie between pump and turbine at the
BEP [40, 43].

23.5 Conversion Methods for PAT Characteristic Prediction

The conversion methods are used to predict the PAT characteristics. The minimum
ratios of 1 for head and flow rate are the designed point of pump to run in turbine
mode at the BEP. But, PAT runs above or away from the pump BEPs. The total of
23 conversion methods available in [13, 19, 42, 44-47] used 2 common input vari-
ables or constant values. Two input variables are (1) efficiency (most of the conver-
sion method in terms of pump efficiency converged to minimum ratios of 1 for head
and flow rate as the efficiency increased to 100%) and (2) specific speed of pumps
with the range between 9 and 94.4 rpm. It indicated as the specific speed increased
the ratios of head and flow rate decreased to minimum ratio point of 1. The conver-
sion method used the constant values of head ratio and flow rate ratio from 1.25 to
1.5 [42, 47]. Pallabazzer and Sebbit [48] used the rule-of-thumb technique by reduc-
ing the hydropower plant head and flow rate by 25% to select a pump to run as
turbine.

Chapallaz et al. [40] developed curves for head and flow rate ratios versus pump
specific speed by using the performance pump datasheet. The pump specific speed
is calculated by taking PAT specific speed divided by constant factor of 0.89. The
low specific speed of 10-20 rpm has the head ratio of greater than 1.65 and low
efficiency from 70% to 55%, while flow rate ratio is greater than 1.4. The high spe-
cific speed of greater than 30 rpm has low ratios of head and flow rate of less than
1.65 and 1.4, respectively, with efficiency greater than 70%. But, the minimum
ratios of head and flow rate versus pump specific speed are greater than 1.25 and
1.2, respectively.

Li [49] indicated the effects of converting the pump head, flow rate, and effi-
ciency to turbine mode parameters by using Reynolds number, i.e., viscosity, with
impeller Reynolds number reference (NR.) of 8,295,768 used to develop the con-
version ratios for head, flow rate, and efficiency with errors of 1.67%, 2.57%, and
6.76%, respectively. Barbarelli et al. [1] developed the geometric model for deter-
mining the PAT characteristics. The model is related to head shutoff, flow rate coef-
ficient, volute velocity coefficient, and pump diameter ratio variation. Huang et al.
[50] developed the rotor-volute matching principle based on pump Euler equation
and velocity relations to predict the PAT characteristics. The rotor-volute matching
principle worked without using performance datasheet from pump manufacturer.
Also, Nielsen [51] derived the equation that governed the pump in turbine mode of
operation by means of Euler equation and pump geometry parameters.

Furthermore, Singh and Nestmann [23] developed the model to predict the PAT
characteristics at full- and no-load conditions. It is based on the dimensional analy-
sis to derive the head coefficient, flow rate coefficient, specific speed, and specific
diameter equations. The PAT head and flow rate will depend on the flow rate coef-
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ficient, tangential blade velocity, impeller outlet diameter, and turbine mode specific
speed.

23.6 Conclusions

This review chapter presented four research areas for studying the performance
characteristics of PAT application. The research areas include operational parameter
characteristic, pump component modification, internal flow characteristics, and
conversion equations. The performance characteristics differed under full- and part-
load conditions when pump is operated in reverse turbine and pump modes. The
main operational characteristics of PAT include head, power, and efficiency versus
the flow rate that indicated to have similar characteristics with the conventional
turbine. Also, PAT and pump were compared by using head, flow rate, efficiency,
and specific speed. The PAT indicated to have higher head and flow rate than pump
head and flow rate. But, the PAT has less efficiency and specific speed when com-
pared with pump characteristics. Also, the modification of pump components
increased the PAT efficiency up to 10.6%. Although, the internal flow characteristics
indicated to lower the lifespan of pumps and mostly caused by flow separation and
swirl between impeller blades, hydraulic losses, and cavitation effects. Twenty-
three conversion equations of head and flow rate reported from different research
works. The conversion equations are used to predict the PAT head and flow rate for
different pumps.

Acknowledgments This reviewed chapter is part of ongoing PhD study and supported by
NORAD under Energy and Petroleum (EnPe) Program at the University of Dar es Salaam,
Tanzania, and Norwegian University of Science and Technology, Trondheim, Norway.

References

1. Barbarelli S, Amelio M, Florio G (2016) Predictive model estimating the performances of
centrifugal pumps used as turbines. Energy 107:103-121

2. Muttalli RS, Agrawal S, Warudkar H (2014) CFD simulation of centrifugal pump impeller
using ANSYS-CFX. Int J Innov Res Sci Eng Technol 3(8):15553-15561

3. Patel JB, Mevada RN, Sardana D, Rajput VP (2015) Experimental and numerical investigation
of centrifugal pump performance in reverse mode. Int J Adv Technol Eng Sci 3(1):1066-1072

4. Baburaj E, Sivaprakasam R, Manikandan C, Sunda K (2013) CFD analysis of pump as turbine
for micro-hydro schemes. Int J Innov Res Sci Eng Technol 2(3):590-594

5. KSB (2013) Advantages of using pumps as turbines. World Pumps 10:18-20

6. Nautiyal H, Varun V, Kumar A, Yadav S (2011) Experimental investigation of centrifugal
pump working as turbine for small hydropower systems. Energy Sci Technol 1(1):79-86

7. Barbarelli S, Amelio M, Florio G (2017) Experimental activity at test rig validating corre-
lations to select pumps running as turbines in microhydro plants. Energy Convers Manag
149(1):781-797



310 O.J. Mdee et al.

8. Hossain IM, Ferdous SM, Salehin S, Saleque AM and Jamal T (2014) Pump-as-turbine (PAT)
for small scale power generation: a comparative analysis. Developments in renewable energy
technology (ICDRET), 2014 3rd international conference on the 2014 May 29, pp. 1-5

9. Derakhshan S, Nourbakhsh A (2008) Theoretical, numerical and experimental investigation of
centrifugal pumps in reverse operation. Exp Thermal Fluid Sci 32:1620-1627

10. Williams AA (1996) Pumps as turbines for low cost micro hydro power. Renew Energy
9(1-4):1227-1234

11. Carravetta A, Giudice G, Fecarotta O, Ramos HM (2013) Pump as Turbine (PAT) design in
water distribution network by system effectiveness. Water 5:1211-1225

12. Popescu D, Duinea A and Rusinaru D (2013) Study of centrifugal pump operating as tur-
bine in small hydropower plants. In: Recent researches in electric power and energy systems,
pp 285-288

13. Singh P (2005) Optimization of internal hydraulics and of system design for pumps as tur-
bines with field implementation and evaluation. PhD Dissertation, University of Karlsruhe,
Karlsruhe

14. Ramos H, Borga A (1999) Pumps as turbines: an unconventional solution to energy produc-
tion. Urban Water 1(3):261-263

15. Rossi M, Renzi M (2017) Analytical prediction models for evaluating pumps-as-turbines
(PaTs) performance. In: 2nd international conference on advances on clean energy research,
ICACER, Berlin, Germany, 7-9 April 2017

16. Tan X, Engeda A (2016) Performance of centrifugal pumps running in reverse as turbine:
part ii - systematic specific speed and specific diameter based performance prediction. Renew
Energy 99:188-197

17. Qian Z, Wang F, Guo Z, Lu J (2016) Performance evaluation of an axial-flow pump with
adjustable guide vanes in turbine mode. Renew Energy 99:1146-1152

18. Couzinet A, Gros L, Pierrat D (2013) Characteristics of centrifugal pumps working in direct or
reverse mode: focus on the unsteady radial thrust. Int J Rotating Mach:1-11

19. Derakhshan S, Nourbakhsh A (2008) Experimental study of characteristic curves of centrifu-
gal pumps working as turbines in different specific speeds. Exp Thermal Fluid Sci 32:800-807

20. Fernandez J, Blanco E, Parrondo J, Stickland MT and Scanlon TJ (2004) Performance of a
centrifugal pump running in inverse mode. In: Proceedings of the institution of mechanical
engineers

21. Srinivasan KM (2008) Rotodynamic pumps (centrifugal and axial). New Age International (P)
Limited Publishers, New Delhi

22. Yang SS, Derakhshan S, Kong FY (2012) Theoretical, numerical and experimental prediction
of pump as turbine performance. Renew Energy 48:507-513

23. Singh P, Nestmann F (2011) A consolidated model for the turbine operation of centrifugal
pumps. J Eng Gas Turbines Power 133:1-9

24. Derakhshan S, Kasaeian N (2014) Optimization, numerical, and experimental study of a pro-
peller pump as turbine. J Energy Resour Technol 136:1-7

25. Krivichenko G (1994) Hydraulic machines: turbines and pumps. Lewis, Boca Raton, FLA

26. Nigussie T, Dribssa E (2015) Design and CFD analysis of centrifugal pump. Int J Eng Res
General Sci 3(3):668-677

27. Agarwal T (2012) Review of pump as turbine (PAT) for micro-hydropower. Int J Emerg
Technol Adv Eng 2(11):163-169

28. Wang T, Kong F, Xia B, Bai Y, Wang C (2017) The method for determining blade inlet angle
of special impeller using in turbine mode of centrifugal pump as turbine. Renew Energy
109:518-528

29. Doshi A, Channiwala S, Singh P (2017) Inlet impeller rounding in pumps as turbines: an
experimental study to investigate the relative effects of blade and shroud rounding. Exp
Thermal Fluid Sci 82:333-348

30. Singh R, Gupta R, Singh A, Subbarao PM (2013) Guided pump-as-turbine: design and devel-
opment for pico-level energy generation. Int J Appl Res Mech Eng 3(1):71-76



23

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

A Technical Evaluation of Performance Characteristics for Pump as Turbine... 311

Yang SS, Liu HL, Kong FY, Dai C, Dong L (2013) Experimental, numerical, and theoretical
research on impeller diameter influencing centrifugal pump-as-turbine. ASME J Energ Eng
139(4):299-307

Derakhshan S, Mohammadi B, Nourbakhsh A (2009) Efficiency improvement of centrifugal
reverse pumps. ASME J Fluids Eng 131:1-9

Suarda M, Suamadwipa N and Adnyana WB (2006) Experimental work on modification of
impeller tips of a centrifugal pump as a turbine. In: The 2nd joint international conference on
sustainable energy and environment, Bangkok, Thailand

Barrio R, Fernandez J, Blanco E, Parrondo J, Marcos A (2011) Performance characteristics
and internal flow patterns in a reverse-running pump—turbine. Proc Mech Eng Part C J] Mech
Eng Sci 226:695-708

Sedlar M, Soukal J, Komarek M (2009) CFD Analysis of middle stage of multistage pump
operating in turbine regime. Eng Mech 16(6):413—421

Rawal S, Kshirsagar JT (2007) Numerical simulation on a pump operating in a turbine mode.
In: Proceedings of the 23rd international pump users symposium

Guelich JF, Bolleter U (2008) Pressure pulsations in centrifugal pumps. J Vib Acoust
114(2):272-279

Wnek TF, Engineer NT and Ine WP (2007) Pressure pulsations generated by centrifugal
pumps. Warren Pumps, Inc, Warren, MA. www.warrenpumps.com. Accessed 30 Nov 2017
Su X, Huang S, Zhang X, Yang S (2016) Numerical research on unsteady flow rate character-
istics of pump as turbine. Renew Energy 94:488-495

Chapallaz JM, Eichenberger P and Fischer G (1992) Manual on pumps used as turbines. Vieweg,
Braunschweig: Printed in the Federal Republic of Germany by Lengericher Handelsdruckerei,
Lengerich

Amelio M, Barbarelli S (2004) A one-dimensional numerical model for calculating the effi-
ciency of pumps as turbines for implementation in micro-hydro power plants. In: ASME 7th
Biennial conference on engineering systems design and analysis, Manchester, England, 19-22
July

Alatorre-Frenk C (1994) Cost minimisation in micro hydro systems using pumps-as-turbines.
PhD Thesis, University of Warwick, Faculty of Sciences, Department of Engineering,
Coventry, United Kingdom

Turton RK (1984) Principles of turbomachinery, 2nd edn. Chapman and Hall, London
Bogdanovic-Jovanovic JB, Milenkovic DR, Svrkota DM, Bogdanovic B, Spasic ZT (2014)
Pumps used as turbines: power recovery, energy efficiency, CFD analysis. Therm Sci
18(3):1029-1040

Nautiyal H, Kumar VA (2010) Reverse running pumps analytical, experimental and computa-
tional study: a review. Renew Sust Energ Rev 14:2059-2067

Teuteberg BH (2010) Design of a pump-as-turbine micro hydro system for an Abalone
Farm, Final Report for mechanical project 878, Department of Mechanical and Mechatronic
Engineering, Stellenbosch University

Williams AA (1994) The turbine performance of centrifugal pumps: a comparison of predic-
tion methods. Proc Inst Mech Eng Part A J Power Energy 208:59-66

Pallabazzer R, Sebbit A (2001) A micro-hydro pilot plant for mechanical pumping. In:
Hydropower in the New Millennium. Bergen, Norway, Swets & Zeitlinger

Li W (2017) Optimising prediction model of centrifugal pump as turbine with viscosity effects.
Appl Math Model 41:375-398

Huang S, Qiu G, Su X, Chen J, Zou W (2017) Performance prediction of a centrifugal pump
as turbine using rotor-volute matching principle. Renew Energy 108:64-71

Nielsen TK (2015) Simulation model for francis and reversible pump turbines. Int J Fluid
Mach Syst 8(3):169-182


http://www.warrenpumps.com

Chapter 24 )
Performance Improvement
of Contra-Rotating Small Hydroturbine
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updates

Toru Shigemitsu, Tomofumi Ikebuchi, Ding Nan, and Takuji Hosotani

24.1 Introduction

Pico hydropower, which generates about 100 W—1 kW, is called new energy in
Japan, and there are a lot of places suitable for the pico-hydropower in agricultural
water and a small stream. It is better to design the pico-hydroturbine as small as
possible to reduce the installation cost and to make the environmentally friendly
hydroturbine. Therefore, Darrieus- and gyro-type turbines, suitable for design
specifications of a low head in agricultural water and a small river, are investigated,
and the performance characteristics and the optimum design parameter are discussed
[1, 2]. There are also some extra-low head natural flow streams where the Darrieus-
type hydroturbine can be utilized, and in order to avoid the obstacles flowing into
the hydroturbine, a waste screening system is designed and tested [3]. In addition to
this, an inlet nozzle which is designed for improving the performance of Darrieus-
type hydroturbine is investigated by experimental and numerical analysis [4].
Internal flow of a spiral water turbine with wide flow passage, which has small
environmental impact, is investigated [5]. On the other hand, a small crossflow
turbine used for a small stream as an environmentally friendly pico-hydroturbine
and a Savonius turbine with low cost are suggested, and the performance
improvement of these turbines by installation and selecting the optimum position of
shield plate are reported [6-8]. However, compared with the large hydroturbine, the
small one performs lower efficiency, and it can be used in wide flow rates range.
Therefore, we adopted contra-rotating rotors, which can be expected to achieve high
performance and make the small design possible. In some other references, some
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basic issues of using the counter-rotating rotors have been discussed, including the
characteristic performance of using counter-rotating rotors, potential interference
and the optimum value of blade solidity [9—11]. However, it is hard to construct the
counter-rotating generator by this small hydroturbine of which diameter is only
60 mm; this problem has to be considered. Therefore, two independent generators
in this contra-rotating small hydroturbine may be more suitable. In this study, a
significant compact hydroturbine is named as contra-rotating small hydroturbine.
Final goal on this study is development of a small hydroturbine like electric appli-
ances, which has high portability and makes an effective use of the unused small
hydropower energy resources.

In the previous research, we selected some places in Tokushima Prefecture in
Japan, where a small hydropower can be generated, and conducted field tests of the
head, flow rate, water quality and capacity utilization [12]. Then we investigated
performance of the test model by the numerical analysis, and a prospect to apply
this small hydroturbine for pico-hydropower was confirmed [13]. After that, we
designed and manufactured the original test turbine, and an experimental apparatus
was also designed and assembled to verify the performance of the test turbine. We
also investigated the internal flow condition by the numerical analysis results [14,
15]. Because of the large loss between the front and rear rotor, we changed the
geometry of the spoke from cuboid to cone. The performance and internal flow
condition of the spoke changing model was highly improved [16]. The blade thick-
ness and the shape of front hub were changed from the original test rotor to improve
the performance and internal flow condition, and the differences of the internal flow
conditions between the original model and new model were clarified [17].

In this paper, the tip clearance and solidity are varied from the base model using
the numerical analysis model to improve the performance of small hydroturbine,
and the numerical analysis is conducted with steady condition to reduce the
computational cost. The solidity of each front and rear rotor is optimized, and the
numerical analysis is conducted with the unsteady condition for the best solidity
combination model. The pressure distribution of each type of the model is investi-
gated by the numerical analysis results.

24.2 Experimental and Numerical Analysis Condition

24.2.1 Rotor Design Method and Design Parameter

A test turbine diameter of the base model is small as D = 58 mm to set up in a pipe
of agricultural water with a diameter of about 2 inch and the small-scale water-supply
system. Design flow rate and head are Q, = 4.825 I/s and H, = 2.6 m, respectively,
based on power (P = 10-100 W), head (H = 1-4 m), flow rate (Q =2-10 I/s) assumed
in the pipe of agricultural water and the small-scale water-supply system. Design
head of each front and rear rotor is the same as Hy = Hy, = 1.3 m for the base test
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Fig. 24.1 Test
hydroturbine rotors (base
model)

Table 24.1 Primary dimensions of base turbine rotors

Hub Mid Tip

Front rotor Diameter [mm)] 29 43.5 58

Blade number 4

Blade profile NACA6512

Solidity 1.40 1.07 0.85

Setting angle [°] 25.5 20.0 15.8
Rear rotor Blade number 3

Blade profile NACA6512

Solidity 0.86 0.71 0.59

Setting angle [°] 44.6 29.1 18.9

rotor, and a rotational speed of each front and rear rotor of the test turbine are
N;= N, = 2300 min~' considering a characteristic of a small generator which can
produce about 10-100 W. The rotor and primary dimensions of the base rotor are
shown in Fig. 24.1 and Table 24.1, respectively. A mouse is also beside in Fig. 24.1
to compare the size of the test rotor to it. Hub tip ratio of front and rear rotors is Dy,
#/ Dy = Dy/Dy, = 29 mm/58 mm = 0.50. Each design parameter is determined by the
power, head, flow rate and rotational speed. In this study, blade number of each front
and rear rotor should be a coprime: the front rotor Z;= 4 and rear rotor Z, = 3 in order
to suppress the blade rows interaction of the contra-rotating rotor. The blade type
NACAG6S5 serious is chosen as the profile of the blade. A guide vane isn’t set at the
inlet of the front rotor because the test turbine is designed as compact as possible.

The tip clearance is controlled only by the numerical analysis, and it is conducted
by adding or eliminating the rotor outer region in the numerical model, so the rotor
region increases with the decrease of the tip clearance and vice versa. The tip clear-
ance of each type of rotoris ¢ = 0.5, 1.0, 1.5, 2.0, 2.5 and 3.0 mm. In the experiment,
only one rotor having the tip clearance ¢ = 1.0 mm (base model) is prepared. On the
other hand, the solidity of the base model is changed from o/6, = 0.5 to 6/6, = 2.0 in
the numerical analysis to investigate the influence of the solidity on the perfor-
mance. oy is the solidity of the base model. The blade thickness of each type of the
solidity model is kept constant by adjusting the low two digits of the blade profile.
The primary dimensions of each solidity model are shown in Table 24.2.
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Table 24.2 Primary dimensions of different solidity model

olo, 0.5 1.0 (base model) | 1.5 2.0
NACA6524 NACA6512 NACA6508 NACA6506
Blade profile Front | Rear Front | Rear Front |Rear Front | Rear

Solidity | Tip 0.395 10296 0.790 0.592 1.19 0.888 1.58 1.18
Mid 0.454 0341 0907 |0.681 1.36 1.02 1.81 1.36
Hub [0.570 | 0.428 1.14 0.856 | 1.71 1.28 2.28 1.71

There is a spacer between the front rotor and rear rotor, and four spokes are dis-
tributed around the spacer. It is planed that the generators are put inside of front and
rear rotor’s hub in a product of this kind of small hydroturbine, and the rotors and
generators are supported only by the spokes. Therefore, the spokes are essential for
the actual product. The diameter of the spacer is 29 mm, which is the same with the
diameter of rotor hub, and the axial length of spacer is 33 mm.

24.2.2 Experimental Apparatus and Method

An assembly of the test rotors and a schematic diagram of the experimental apparatus
are shown in Figs. 24.2 and 24.3. A diameter of a casing is D = 60 mm and the rotor
diameter of the base model is D, = 58 mm because the tip clearance is ¢ = 1 mm. A test
section is made of a transparent acrylic resin for visualization experiments. The fluid
media is water; the static head differences on the casing wall between 2D upstream of
the front rotor and 2D downstream of the rear rotor are measured for head evaluation.
Each rotor is connected to a respective shaft and driven by a respective motor set
upstream and downstream of the test section. The rotational speed of each front and rear
rotor is constant as Ny= N, =2300 min~" in the experiment. The length of the transparent
test section is 500 mm, and straight pipes over 4D are kept upstream and downstream
of the test rotors to suppress the influence of the swirl flow from the 90° bend near the
test section. The flow rate Q is obtained by a magnetic flow meter KEYENCE
FD-UHS50H installed far upstream of the hydroturbine, and the measurement accuracy
of it is £0.5%. Torque of each front and rear rotor is measured by a respective torque
meter SOKKI SS050, and its measurement accuracy is +0.5%. Then, a shaft power is
calculated by the torque and rotational speed measured by a rotational speed sensor
ONO SOKKI MP-981. The shaft power is evaluated by the torque eliminating
mechanical loss in this performance test. Hydraulic efficiency of the hydroturbine 7 is
calculated as the ratio of the shaft power to the water power. The pressure distribution
in axial direction is measured by the pressure sensors installed on the interior of the
casing as shown in Fig. 24.4. The pressure sensor holes are set nine points for the front
rotor region and eight points for the rear rotor region. The axial positions of the static
pressure sensors for the front rotor are 3 mm upstream of the leading edge (LE) of the
front rotor hub, seven points with 2 mm interval from LE of the front rotor hub and
3 mm downstream of the trailing edge (TE) of the front rotor hub. The axial positions
for the rear rotor are eight points with 3 mm interval from LE of the rear rotor hub.
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Fig. 24.2 Assembly of test
rotors (base model)
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24.2.3 Numerical Analysis Conditions

The commercial software ANSYS-CFX is used in the numerical analysis. Fluid is
assumed to be incompressible and isothermal water, and the equation of the mass
flow conservation and Reynolds averaged Navier-Stokes equation are solved by the
finite volume method. The standard wall function is utilized near the wall, and the
standard k-e model is used as the turbulence model. A numerical model is the same
with the test section of the experimental apparatus and includes the inlet and outlet
bend of the experimental apparatus. Straight pipes over 4D are set for the inlet and
outlet pipes, which are the same with the experimental apparatus, in order to sup-
press the influence of the bend at the inlet and outlet. Each front and rear rotor’s
shaft is modelled in the numerical analysis and rotated in the front and rear rotor’s
rotational direction, respectively. The constant velocity perpendicular to the inlet
boundary and the constant pressure having only axial velocity are given as the
boundary condition at the inlet and outlet, respectively. The coupling among the
front rotor, spokes and rear rotor regions is accomplished by the transient rotor/sta-
tor in the unsteady simulation. The time step number per one rotor rotation is 120
and the time step is = 2.174 x 10~* s. The data of one rotor rotation is obtained after
five rotor rotations in unsteady numerical analysis. The numerical grids of the whole
numerical domains used for the numerical analysis are shown in Fig. 24.5. The
numerical domains are comprised of the inlet pipe, rotors and outlet pipe regions.
The numerical grid points of the base model are 495,241 for the inlet pipe region,
6,891,946 for the rotor region and 316,811 for the outlet pipe region, respectively.
The numerical analysis is performed at 11 flow rate points from 0.9Q, to 1.4Q,.

24.3 Results and Discussions

24.3.1 Validity of Numerical Result

Figure 24.6 shows performance curves of the base model with the tip clearance
¢ = 1.0 mm obtained by the experiment. The unsteady numerical analysis results are
also shown to compare the numerical results to experimental results. A horizontal
axis is the flow rate. First vertical axes are the turbine head and efficiency. Second
vertical axis is the shaft power. The rotational speed of each front and rear rotor is
N; = N, = 2300 min~'. The turbine head and shaft power increase according to the
increase of the flow rate, and the maximum static pressure efficiency #7,,.x = 64.2%
is obtained around 1.2Q, for both experimental and numerical analysis results.
Figure 24.7 shows the pressure distribution in axial direction obtained by the experi-
ment at the design flow rate 1.0Qd. The unsteady numerical analysis result is also
shown in Fig. 24.7. The pressure gradient at each front and rear rotor of the numeri-
cal analysis result is similar to the experimental result; however, the static pressure
at the outlet of the front rotor is lower than the experimental result. The pressure
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Fig. 24.5 Numerical grids
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gradient of the front rotor is steeper than that of the rear rotor, and the head decreases
considerably at the front rotor. It is found from Figs. 24.6 and 24.7 that the numeri-
cal result of the performance and axial pressure distribution represents qualitative
tendency of the experimental result. Therefore, the influence of the tip clearance
size and solidity on the performance was investigated by the numerical analysis.

24.3.2 Performance Under the Condition of Different Tip
Clearance

Figure 24.8 shows performance of each tip clearance at the design flow rate 1.0Qd
obtained by the numerical analysis. A horizontal axis is the tip clearance size and
vertical axes are the head, power and total pressure efficiency. The head, power and
efficiency increase significantly according to the decrease of the tip clearance from
¢ =3.0mm to ¢ = 0.5 mm. The power P = 73.4 W is obtained for ¢ = 0.5 mm; how-
ever, the power of ¢ = 3.0 mm is small as P = 11.0 W. The total pressure efficiency
increases from n = 37.4% to n = 71.3% with the decrease of the tip clearance. It is
found that the tip clearance size difference within ¢ = 0.5-3.0 mm influences the
performance of the small hydroturbine greatly. It is difficult to keep the tip clearance
less than 1.0 mm because of the machining cost and assembly accuracy, so
¢ = 1.0 mm might be the practical choice for small hydroturbine. Next, the effi-
ciency of each front and rear rotor is investigated. Figure 24.9 shows total pressure
efficiency of each front and rear rotor obtained by the steady numerical analysis.
The loss of the spokes is not considered in each front and rear rotor total pressure
efficiency. The total pressure efficiency of the front rotor increases from = 49.0%
(c =3.0mm) to n =73.3% (c = 0.5 mm). On the other hand, the total pressure effi-
ciency of the rear rotor increases significantly compared to the front rotor from
n =4.10% to n = 76.6%. The influence of the tip clearance becomes large for the
rear rotor because the rear rotor gets influenced from the tip leakage flow from the
front rotor in addition to the leakage flow of the rear rotor itself.

24.3.3 Performance Under the Condition of Different Solidity

Figure 24.10 shows performance of each solidity model obtained by the steady
numerical analysis at 1.25Qd, where the maximum efficiency is obtained. A
horizontal axis is the solidity ratio o/c, and vertical axes are the head, power and
efficiency. The head and power increase with the increase of the solidity ratio and
the power increases gently at o/, = 2.0. The efficiency shows the maximum for the
base model (o/0, = 1.0), so the total pressure efficiency of each front and rear rotor
is investigated to clarify the suitable solidity of each rotor. The total pressure



Fig. 24.8 Performance
curves of each tip
clearance

Fig. 24.9 Performance
curves of each front and
rear rotors

Fig. 24.10 Performance
curves of each solidity
model

H [m], 1 [%]

| H[m] e g |[=riw ]
80 8

‘ 0
70 \ 70
N \
.60 e 60
50 .\ rrrrrr s 7 50'_‘
40 '\‘\., 402,
3:30 \\[‘ 30
‘2120 n 20
— ~a_H
T 1110 T : w10
A
oL 0 )
0 05 1 1.5 2 25 3 35
¢ [mm]
o (%] [%]
80 &
7008
7,
60 :
_50 \‘\1
=X 40
&30 <
20
10 &G
0 “\"
0 05 1 15 2 25 3 35
¢ [mm]
wfm] ey | APV
70 1 350
60 300
250
- 200 —
=2
150 a,

2 2.5

100

50

0



322 T. Shigemitsu et al.

Fig. 24.11 Efficiency
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efficiency of each front and rear rotor at 1.25Qy is shown in Fig. 24.11. The loss of
the spokes is not considered in Fig. 24.11. The maximum efficiency is confirmed for
the base model (6/0, = 1.0); the front and rear rotor efficiency shows the maximum
at o/oy = 1.0 for both rotors. However, the maximum efficiency of the front rotor
seems to exist between /6, = 0.5 and /6, = 1.0 and between o/c,= 1.0 and /0y = 1.5
for the rear rotor. Therefore, /o, = 0.8 and /6, = 1.2 is selected for the suitable
solidity of each rotor, respectively, and the steady numerical analysis is conducted.
The total pressure efficiency of /6, = 0.8(front rotor) and o/6, = 1.2(rear rotor) is
added to the Fig. 24.11 and shown in Fig. 24.12. It can be found that the total pres-
sure efficiency shows the maximum # = 73.4% at /0, = 0.8 for the front rotor and
n =73.9% at olo, = 1.2 for the rear rotor. Figure 24.13 shows the static pressure
distribution in axial direction of each type of the solidity models at 1.25Qd obtained
by the steady numerical analysis. The pressure gradient at each rotor becomes small
with the decrease of the solidity. It is considered that the pressure gradient of the
front and rear rotors matches the best performance at o/c, = 0.8 (front rotor) and
oloy = 1.2 (rear rotor), so the unsteady numerical analysis is carried out for 6/, = 0.8
(front rotor) and o/c, = 1.2 (rear rotor) to check the accurate performance. The
maximum total pressure efficiency of the o/, = 1.0 is 7 = 64.9%, and it’s improved
as n = 68.2% for the suitable solidity model (front rotor /o, = 0.8, rear rotor
oloy = 1.2). Therefore, the performance test using the best model (¢ = 0.5 mm, front
rotor o/c, = 0.8, rear rotor o/c, = 1.2) will be conducted to validate the numerical
analysis results in near future.
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24.4 Concluding Remarks

The tip clearance and solidity are varied from the base model using the numerical
analysis model to improve the performance of small hydroturbine, and the solidity
of each front and rear rotor is optimized, and the numerical analysis is conducted
with the unsteady condition for the best solidity combination model. As a result, the
following conclusions were obtained.

1. The pressure gradient of the front rotor is steeper than that of the rear rotor, and
the head decreases considerably at the front rotor in the case of the base model.
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2. The total pressure efficiency increases from 5 = 37.4% to n = 71.3% with the
decrease of the tip clearance. It is found that the tip clearance size difference
within ¢ = 0.5-3.0 mm influences the performance of the small hydroturbine
greatly. The total pressure efficiency of the front rotor increases from n = 49.0%
(¢ =3.0 mm) to # = 73.3% (c = 0.5 mm). On the other hand, the total pressure
efficiency of the rear rotor increases significantly compared to the front rotor
from n = 4.10% to n = 76.6%. The influence of the tip clearance becomes large
for the rear rotor because the rear rotor gets influenced from the tip leakage flow
from the front rotor in addition to the leakage flow of the rear rotor itself.

3. The total pressure efficiency shows the maximum 7 = 73.4% at o/0, = 0.8 for the
front rotor and n = 73.9% at /0, = 1.2 for the rear rotor. The pressure gradient at
each rotor becomes small with the decrease of the solidity. It is considered that
the pressure gradient of the front and rear rotors matches the best performance at
olo, = 0.8(front rotor) and o/, = 1.2(rear rotor). The maximum total pressure
efficiency of the o/, = 1.0 is n = 64.9%, and it’s improved as 1 = 68.2% for the
suitable solidity model (front rotor /0, = 0.8, rear rotor o/, = 1.2).
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Low-Cost Solar Selective Absorbers
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25.1 Introduction

Increasing interest in the exploitation of renewable energy sources led to more
interest in study, production, and characterization of high-thermal-stability selective
surfaces that have high solar absorptance (&) and low thermal emittance (¢). Selective
surfaces have radiative characteristics which vary with wavelength. A spectrally
selective surface combines high (@) through the solar wavelength region (0.3-2.5 pm)
with low (¢) in the long wavelength region (2.5-50 pm) [1]. Several techniques can
be used to produce these coatings, generally divided into chemical, paints, and vac-
uum deposition techniques. Absorbing paint coatings can be produced cheaply, but
the thermal emittance of these paints is high [2]. Absorber coatings obtained by vac-
uum deposition techniques are more expensive than coatings produced by other
methods [3]. In general, the chemical methods have been the most widely used tech-
niques for low temperature solar absorber applications and more economical than the
others. Some of the well-known commercial absorbers developed by chemical tech-
niques are black chrome, nickel pigmented aluminum oxide, etc. The black nickel
(BN) surface was developed by Tabor group since 1964 [4], coating was prepared by
electroplating method on galvanized iron sheet, and values of @ = 0.81 and e = 0.17
were obtained. Patel et al. [5] investigated BN coating on copper (Cu) substrate and
investigated the optimum optical properties through changing the coating parame-
ters. BN selective absorber coating has been deposited by spray pyrolysis method on
commercially available aluminum and galvanized iron substrates [6]. Yousif [7]
modified method of electrodeposited (ED) BN. He found that the optical properties
of BN coating were improved by using Ni-Zn coating. Wang et al. [§] demonstrate a
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solution-processed plasmonic Ni nanochain-Al,O; selective solar thermal absorber
with a high a (>90%) and a low € (<10%). Zhenxiang et al. [9] reported the prepara-
tion of Ni-AL,O; absorbing coatings by a facile aqueous solution-chemical method.
During ED of BN, multiple reduction and oxidative processes occurred and produced
a complex film, containing a-Ni(OH),, NIOOH, Ni,0;, NiO, and metallic Ni, as indi-
cated by X-ray photoelectron spectroscopy study [10]. Estrella-Gutiérrez et al. [11]
show that a metallic Ni interlayer is required in order to achieve thermal stability of
BN coatings on copper. Nady et al. [12] reported that a nanoparticles layer of bright
Ni base was deposited on copper substrates using ED technique before spraying the
paint and will improve the stability of the absorber paint. Nanoparticles of Ni-oxide
(nano-NiO,) have been synthesized using electrochemical and sol-gel routes [13].

In this research, low-cost solar selective absorbers have been obtained by
ED. And we tried to get rid of some structures or materials which are harm to the
environment, i.e., car batteries, by using lead sheets [from recycled car battery] as
an anode during ED of black nickel (BN) coating.

25.2 Experimental Technique

Each sample analyzed was a thin film coating deposited on two types of metallic
substrates (copper, and brass). The experimental technique and the results using
brass substrates will be published soon.

25.2.1 Sample Preparation

It is well known that metal cleaning and activation play an important role in metal
finishing. The smoothness, uniformity, brightness, and adherence of the substrate
depend on a clean and active metal surface. The presence of any film (e.g., oxide)
between the substrate and coating reduces the adhesion. For this reason, the prepa-
ratory treatment for the substrate surface should be done to reduce the presence of
such films. Copper (Cu) sheets were polished mechanically with emery paper (320,
400, and 1200) grade to remove the oxide layer and washed with distilled water.
They were then chemically polished, cleaned, and dried. This was followed by
immersing them in a plating tank for ED of BN coating.

25.2.2 Electrodeposition of Black Nickel Coatings

A schematic representation of the plating equipment is shown in Fig. 25.1. It
consists of a low-voltage variable power supply type of Metcix. Plating tank is
surrounded by hot water bath type of Clifton with temperature control unit to
provide the desired solution temperature. An electronic thermometer type of
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Fig. 25.1 Schematic diagram of electrodeposition apparatus. (1) Low-voltage supply, (2) ammeter,
(3) anodes, (4) substrate (cathode), (5) solution tank, (6) thermometer, (7) pH meter, (8) hot water bath

Table 25.1 The plating bath conditions

Parameter Value Parameter Value
Temperature 30-40C° pH 4-5
Current density 1 A/dm? time 50 sec

HANNA with stainless steel probe is also used to measure the temperature of the
electrolyte solution. Lead sheet [from recycled car battery] were used as anodes.
The plating bath conditions are given in Table 25.1. For measuring the pH of the
solution, a pH meter type of HANNA is used. Commercially available Cu substrates
(5.6 x 5.5 cm?) were cleaned and then coated with BN film from a bath containing
Ni chloride with additions of Zn chloride, ammonium chloride, and sodium thiocya-
nate. Ni and thiocyanate ions are reduced preferentially at the cathode resulting in
the formation of a BN deposit.

25.2.3 Optical and Non-Optical Characterizations

The samples were examined by optical methods mainly to determine the sample
efficiency. Non-optical methods were also used and focused on structural,
morphology, and surface texture measuring of the films.
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25.2.3.1 Measurements of Total Reflectance

For determining absorptance-a or emittance-e¢ of coatings, it is usually most
convenient to measure reflectance (R) to calculate a and ¢ from it. The measure-
ments of total or diffuse R of samples were performed with instruments equipped
with integrating spheres. The Perkin-Elmer (model Lambda 950) double beam
spectrophotometer with an integrating sphere coated with barium sulfate [14] used
to measure the R in the A ranges 0.2—0.9 pm. The total R in IR ranges were calculated
from the measurements of specular and diffuse reflectance [diffuse (R,) + specular
(Ry)]. Perkin-Elmer spectrum GX (FTIR) system was used for specular R
measurements, and Shimadzu Corporation IR-470 was used for R measurements in
the IR wavelength range, from 2 to 50 pm.

25.2.3.2 The Topography of the Coatings

The photographs of the films were taken by optical microscopy, as well as scanning
electron microscope (SEM).

25.2.3.3 Evaluation of Surface Roughness

The measurement of roughness in this study is taken as the roughness average value,
R,, and is expressed in micrometers (um). This parameter is also known as the arith-
metic average value (AA) or centerline average (CLA) [15]. The roughness of the
coatings was measured by a stylus-profilometer type of Tyler Hobson.

25.2.3.4 X-Ray Diffraction (XRD)

The X-ray diffraction for thin films from BN on Cu substrates as plated and after
heat treatment (250 °C) were studied by using X-ray diffractometer type of Pw-1840
X-ray diffractometer (Philips) with the following parameters: The target used in
x-ray tube is pure Cu, the ray source CuKa with wavelength (A = 1.54 A) using a Ni
filter. With voltage (40 KV) and current (20 mA), the scanning speed is (3 deg/min).
The range of scanning is (260 = 10" — 90°). Bragg’s law [n A = 2d sin ] describes the
situation when constructive interference occurs. Where n is an integer, A the wave-
length, d the distance between the atoms in parallel consecutive planes, and 6 the
angle between, these planes and the incident beam. 26 is the angle between the
incident and the diffracted beam.

25.2.3.5 Measuring the Thickness of the Films

Weight method was used to measure the thickness of a coating.
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25.2.4 Durability Tests

Samples of BN coatings were subjected to accelerated ageing tests. After measuring
the initial radiative properties of the absorbers, i.e., R, a, €, and the initial character-
ization of the structure, the samples were subjected to ageing tests, and then they
were recharacterized by measuring R and determining the values of a and e.

25.2.4.1 Constant Temperature Exposure

The samples were placed in a furnace which was thermostatically controlled. The
test was carried out in the temperatures 100, 150, 200, 250, and 300 °C during 48 h.

25.2.4.2 Temperature Cycling Test

The durability of the samples was tested by subjecting them to temperature cycling
between ambient temperature and 100 °C. The duration of each cycle was about
35 min. An electric oven [medical electronics] type was used. After each 10 cycles,
the samples were removed and the values of (a) and (¢) were determined.

25.2.4.3 Humidity Exposure

Samples were placed in a humid environment inside a suitable glass box. The
humidity testing (HMT) at (90 + 5) % using a chamber of (LEYBOLD DIDACTIC
GMBH), and the duration of exposure was 24 h.

25.3 Results and Discussion

It was clear from the surface topography of the film that it is a uniform and homog-
enous film (from microscope photograph). The uniformity of the coating thickness
is dependent on the deposition conditions (DC). It has been found that DC play an
important role in determining the optical and thermal properties of thin films. As the
thickness of this coating increases, the surface topography appears smoother. The
average roughness value R, of the film or centerline average (CLA) obtained by the
stylus-profilometer instrument indicates that these coatings are rather smooth and
their value is 0.17 pm. The durability tests were carried out on BN/Cu sample in the
form of accelerated ageing tests which included constant temperature exposure up
to 300 °C, temperature cycling, and HMT. We observed a change in the coatings,
color to light black after heat treatment (HT) at 250 °C. There was some voids or
pores on the surface. It appears as a rather rough surface whose average roughness
value R, (CLA) was 0.41 pm. The effect of the HMT on the coating was revealed by
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visible signs that the color of the coating was lightened after this test. This change
is linked with changes in the R spectra. HMT produces a surface with a speckled
appearance as the result of localized condensation and such condensation stains are
difficult to be removed. The average roughness value R, (CLA) of BN /Cu coating
after the humidity test was 0.26 pm, which indicates that it is rougher than as pre-
pared film. The total R spectrum for BN/Cu before and after the durability tests in
the range between 0.2 pm and 0.85 pm is shown in Fig. 25.2. It can be seen from
this figure that the R for as prepared sample is very small (less than 6%) and almost
constant with the wavelength (4). These films have high absorbing in this region of
the spectrum. The R for both the samples (after HT at 250 °C and HMT) increased
gradually with the 4, and its value is greater than as prepared sample. The total R
versus a 4 in IR region, which was calculated from specular and diffuse spectra, is
shown in Fig. 25.3. It can be seen from figure that there is a gradual increase from
low to high R with the increasing A. Both () and (¢) values and selectivity factor
(al/e) for BN/Cu before and after the durability tests are given in Table 25.2.

The value of a is rather in good agreement with the earlier reports. The increas-
ing in @ may be due to diffuse of impurity of some atoms such as Zn from the sub-
strate (ST) as a result of exposure to high temperatures. The value of a increases
with increasing the Zn concentration [5], whereas the high temperatures increase
the diffusion of atoms and molecules from the ST. We can say that an improvement
for the optical properties happened for the coating after the temperature ageing (a
slight increasing in selectivity factor a/e). However, we can consider a BN coating
was degraded in humid environments. High humidity may create hydrolytic reac-
tions and is the main source of electrochemical corrosion, which causes an enhanced
degree of oxidation of metals. The degradation (on appearance) of black nickel
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Fig. 25.2 The total reflectance spectrum for BN /Cu before and after the durability tests
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Fig. 25.3 The total reflectance versus a wavelength in IR region

Table 25.2 The values of a and ¢ (together with selectivity factor a/e) for BN coating on Cu
before and after the durability tests

Black nickel/Cu a € ale
As prepared 0.95 0.36 2.63
After heat treatment 0.84 0.25 3.36
After humidity test 0.81 0.17 54
After temp. cycling 0.94 0.35 2.68

(BN) coating, including the presence of some nodules and pitting in the optical
microscope photograph. The XRD pattern for electroplated BN coating on Cu ST
(see Fig. 25.4a) illustrates that existence of peaks related to the phase of Ni-Zn, such
as, NizZn,, phase (JCPDS 10-209) at 20 = 42.9°. The peaks at 26 = 73.7° and 89.8°
are due to mixing for the phases resulting from the ST and Ni;Zn,, component.

XRD pattern for BN coating on Cu ST after thermal exposure at 250 °C (Fig. 25.4b)
reveals the presence of a very weak peak at 26 = 36°. It is revealed that it is related to
Cu,0 phase (JCPDS 5-667). This result is in a good agreement with the XRD results
obtained by Patel et al. [5]. They also observed presence of some Cu oxides such as
CuO and Cu,0O after HT, and the coatings increase in the oxide content with the
increasing HT. Formation of this oxide layer is associated with a decrease in the a of
the coating. The thickness of BN films on Cu ST was ~0.83 + 0.2 pm.

The efficiency (7) for the coatings under study was calculated using the follow-
ing equation:

n={la-¢eo (T, - T,HMI
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Fig. 25.4 (a) XRD pattern for electrodeposited of black nickel (BN) on Cu substrate. (b) XRD
Pattern for BN on Cu substrate after thermal exposure at 250 °C

wh

ere la is the absorber flux, a solar absorptance; I is the solar insolation; € is the

thermal emittance; T}, and Ty, are the temperatures of the plate absorber and the
enclosure wall, respectively (in K); and o is the Stefan-Boltzmann constant
(5.67 x 1078 W/m? K*). All n| values were calculated using 7 = 800 W/m? (the value
of solar radiation). A reduction occurred in n after durability tests, for BN on Cu
ST, n for As-prepared BN = 69%, while  for BN after thermal ageing
(250 °C) = 66 %.

25.4 Conclusions

1.

For black nickel (BN) coating on Cu substrate, the values of a and ¢ were 0.95
and 0.36, respectively, when a/e = 2.63 and 1 = 69 %. The coating shows a deg-
radation in radiative properties after the thermal exposing at 250 °C due to
decreasing in @ which was 0.86. The efficiency of the coating decreased to
n = 66%. The degradation of the coating after the thermal exposing may be
related to the following: oxidation of the Cu substrate, thermochemical or topo-
graphical changes, diffusion effects, and phase transformations.

. The coating also shows a little degradation in radiative properties after humidity

testing (relative humidity, RH = 90%) due to decreasing in a (a = 0.81). This
may be related to electrochemical corrosion on the surface of the coating.

. Temperature cycling test (at 100 °C for 10 cycles) does not show a noticeable

influence on the optical properties of the coating.

The X-ray analysis data for as prepared BN coating indicated that it consisted
essentially from the phase opulent with nickel-zinc (Ni;Zny,). XRD pattern for
BN coating on copper substrate after thermal ageing at 250 °C reveals the pres-
ence of Cu,O phase.
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Chapter 26
Effects of Mirror Geometry on the Optical

Efficiency of a Linear Fresnel Reflector
(LFR)

Check for
updates

M. P. G. Sirimanna and J. D. Nixon

26.1 Introduction

The power generation industry has been influenced by a significant growth of renewable
on-site power plants in recent years. Solar thermal power plants, frequently known as
concentrating solar thermal power (CSP) plants, will play an important role [1]. CSP is
an electricity generation technology that converts solar irradiation concentrated onto a
small area to heat energy. This technology is particularly promising in regions where a
high amount of direct normal solar irradiance is received. According to the International
Energy Agency Concentric Solar Power roadmap, CSP can be a competitive source of
bulk power in peak and intermediate loads in the sunniest regions by 2020 and of base
load power by 2025-2030. With appropriate support, by 2050, CSP could provide
9.6% of global electricity from solar power alone [2].

In CSP plants, sunlight is reflected to a receiver, where generated heat is collected
by a carrier fluid, and this heat energy is subsequently used to power a turbine and
generate electricity. A CSP plant consists of concentrators and a receiver, where
different mirror numbers, widths, spacing and types can be used. All these parameters
impact thermal performance and optical efficiency. Designing CSP systems is difficult
as they are sophisticated optical and heat exchanger systems, where complex interplay
of all heat transfer modes is present. As far as the operation of a CSP system is
concerned, they undergo lengthy start-up and shut down operations due to the variation
of solar radiation during the day. Due to this discontinuity, analysis of plant operation
has to consider not only the design of the components but also the analysis of the
performance of the system under different operating conditions. The linear Fresnel
reflector (LFR), also known as linear Fresnel collector (LFC), is a CSP technology
highlighted due to its low capital cost, simplicity and robustness amongst the other
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common three technologies: parabolic trough collector (PTC), power tower (PT) and
parabolic dish. The main drawback of the LFR is a low concentration ratio, which
limits the performance of these systems significantly [3, 4] . Therefore, improving the
optical performance of these systems is an important step towards promoting and
commercialising this technology. Furthermore, the first step to start the analysis of the
entire system, as mentioned above, is to have a comprehensive optical modelling of
the plant.

Different researchers have addressed optical modelling of LFR to different levels
of detail. Nixon and Davies used Optica, a software package developed within
Mathematica, to obtain optical efficiencies and an incident angle modifier (IAM)
for different spacing arrangement of mirrors [5]. A detailed optical analysis has
been carried out by Montes et al. [3], where an in-house code was developed for ray
tracing. Simulations on different geometries based on the FRESDEMO prototype
located at the Plataforma Solar de Almerfa, Spain, have been carried out in their
work. However the main focus on their research was to compare two LFR configu-
rations, namely, central linear Fresnel reflectors and compact linear Fresnel
reflectors. Another optical simulation on the FRESDEMO prototype has been car-
ried out by Moghimi et al. [6] as a reference to their study on optimisation of a
trapezoidal cavity absorber for a LFR plant. The purpose of their optical simulation
was to obtain the heat flux distribution on the absorber and thereby to find optimum
geometrical parameters for the receiver design. Qiu et al. [7] conducted a detailed
optical and thermal analysis study for a novel design by developing an optical model
using Monte Carlo ray tracing (MCRT). They analysed the solar flux distribution
around the absorber tube, and the optical efficiency was calculated. Furthermore,
the effects of tracking and slope errors were studied in detail. Abbas and Martinez-
Val took a different approach by conducting an analytical study for optical analysis
[8]. They specially focused on mirror width and shifts taking the FRESDEMO plant
as an example. Further studies in connection to optical analysis are found in the
literature such as [9-11]. According to the current literature, there is a need for a
comprehensive optical analysis of LFRs considering all the critical geometrical
parameters of the mirror field and optical parameters. In this paper, an optical model
is developed, and the FRESDEMO prototype is selected as the reference to identify
possible optical efficiency improvements. Furthermore, the effects of geometrical
and optical parameters on optical efficiency and optical concentration ratio are
established.

26.2 Methodology

Optical analysis is started with defining main optical parameters of an LFR system.
Starting with the FRESDEMO prototype as a reference, simulations are then carried
out by changing mirror number, receiver width and height and mirror focal length.



26 Effects of Mirror Geometry on the Optical Efficiency of a Linear Fresnel Reflector... 339
26.2.1 Optical Modelling

The following definitions and equations are used in this paper:

Optical efficiency, 7.,(6), for a CSP plant is the ratio of the absorbed energy by
the receiver to the total solar energy incident on the aperture area of mirrors [12, 13],
as indicated in Eq. (26.1):

Mo (0) = QQ—" (26.1)

Geometrical concentration ratio (GCR) is given by Eq. (26.2):

n

ZAa,i
GCR = ":'A (26.2)

r

where A,; and A, refer to the aperture area of ith mirror and the receiver area.
Optical concentration ratio (OCR) of a parabolic trough collector (PTC) is typi-
cally expressed as in Eq. (26.3):

1 1 dA
OCR = ———— (26.3)

a

where I, and I, are flux on the receiver and flux on the aperture, respectively.
However this definition has to be adapted accordingly for an LFR where there may
be a large number of mirrors instead of one parabolic mirror. Assuming an LFR with
nnumber of mirrors and having uniform flux on a flat receiver, Eq. (26.4) is obtained:

OCR = L (26.4)

( Ia,iAa,i j / Aa,i
i=1 i=1

Optical error (Gyyicar) is considered to be consisted of slope error and specularity
error as given by Eq. (26.5) [14, 15]:

=.l40?

slope specularity

(26.5)

o-optical



340 M. P. G. Sirimanna and J. D. Nixon

Fig. 26.1 View of the liner
Fresnel reflector (LFR)
plant in Plataforma Solar
de Almeria(PSA), Spain

26.2.2 Simulation Tool

There are several ray tracing tools used at a commercial and research level such as
SolTrace, Optica and Tonatiuh [16]. Some researchers have developed in-house ray
tracing codes mainly using MCRT methods [3, 11]. SolTrace is a ray tracing tool
which has been widely used and proven to provide accurate optical analyses for a
variety of CSP applications [6, 7, 15]. SolTrace is a ray tracing tool developed by
the National Renewable Energy Laboratory (NREL) and openly available [14].

26.2.3 FRESDEMO

To overcome the lack of information on LFR plants, a prototype was erected at the
Plataforma Solar de Almeria (PSA) in Spain, nearly a decade ago as seen in Fig. 26.1.
This prototype was known as FRESDEMO plant which is 100 m long and covers a
land area of 2100 m?. 1200 mirrors were installed in 25 parallel rows, and it has a
primary mirror surface area of 1433 m?. The plant generates direct steam and has
been designed for a maximum temperature of 450 °C and a pressure of 100 bar [17].

26.2.4 Geometrical and Optical Parameters Selected

Schematic diagram of a LFR plant is indicated in Fig. 26.2. Receiver height from
the mirror field, receiver width and mirror width are given by A, w, and w,,
respectively. Table 26.1 provides a summary of geometrical and optical parameters
of the FRESDEMO plant, which have been used in SolTrace simulations.

The receiver was assumed to be a rectangular plane with corresponding
dimensions as in [3]. Solar absorptance on the receiver typically decreases with the
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Fig. 26.2 Schematic
diagram of a LFR plant

Receiver

Mirror field
Aa,i
|
HH"-HH__ —_—
Table 26.1 FRESDEMO Mirror width 0.6 m
plapt conﬁgura.tlon and Number of rows of mirrors 25
optical properties - -
Receiver width 0.5m

Receiver height from the mirrors | 8 m

Total plant width 21 m

Plant length 100 m

Plant orientation N-S mirror axis
Solar reflectivity of mirrors 0.93

increase of angle of incidence, and this change is significant for high incident angles,
as seen in Fig. 26.3. Incorporating the indent angle dependency of solar absorptivity
to the ray tracing codes is therefore important, particularly for large mirror fields
where incident angle can take higher values. This variation has been included in the
SolTrace code based on the work of Tesfamichael and Wackelgard [18]. Optical
error has been taken as 5 mrad [3, 15, 19] unless mentioned otherwise.

26.3 Results and Discussion

26.3.1 Validation of the Code

Montes et al. modelled the FRESDEMO prototype using SolTrace for validating a
ray tracing programme they developed [3]. They obtained 60.7% for optical
efficiency for the plant, where this simulation provides 61.0% for the optical
efficiency. Itindicates an excellent agreement between two simulations. Furthermore,
Qiu et al. simulated a LFR plant taking the same parameters from FRESDEMO.
The designed LFR could achieve the instantaneous optical efficiency of 65.0% [7].
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Fig. 26.3 Solar 7 T
absorptance vs. incident
angle for receiver [18]

Solar Absorptance
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Fig. 26.4 Ray tracing of
FRESDEMO prototype
using SolTrace

However they used slightly different mirrors in their simulation. All these cases
were simulated for solar noon as seen in Fig. 26.4.

26.3.2 Changing Mirror Number

Mirror number of FRESDEMO plant was changed during simulations from 3 to 41.
Spacing between two mirror rows and other geometrical parameters were kept constant
throughout. Figure 26.5 indicates the effects changing the mirror number of the plant.
Initially the plant was simulated without considering incident angle-dependent
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absorptivity (IADA), as shown in Fig. 26.3, and optical error (OE). Optical efficiency
was 68.0% for this case, and it dropped to 65.5% as a result of adding a 5 mrad OE to
the simulation. Optical efficiency was further dropped to 61% by adding IADA to the
simulation. When average drop of efficiencies is considered, 2.3—4.8% optical effi-
ciency drops are observed for integrating 5 mrad OE and IADA to the simulation,
respectively. This indicates that [ADA is more important compared to a standard OE for
calculating optical efficiencies. An average 7.0% efficiency drop is observed when both
TADA and OE are integrated to the simulation code highlighting their significance to
achieve an accurate optical efficiency. Change of optical concentration ratio (OCR) is
also indicated in Fig. 26.5. It is noted that OCR for FRESDEMO plant is 19.3.

26.3.3 Changing Receiver Width

Figure 26.6 shows the effects of changing receiver width on optical efficiency and
OCR. Optical efficiency is rapidly increasing with the receiver width from the
current configuration of the plant and reaching nearly a constant level around 80%.
According to the results, a significant 20% of efficiency improvement can be
attained by increasing the receiver width by 0.3 m. However this has been attained
by an OCR drop of three. Maximum possible OCR for the current plant configura-
tion is 20. It is noted that the FRESDEMO plant has got nearly the best possible
receiver width in terms of OCR under this configuration. Figure 26.7 shows OCR
and geometrical concentration ratio (GCR) in one diagram. It is seen that both
decrease with increase of receiver width. However OCR displays a rapid decrease
after 0.6 m, which is equal to the width of the mirrors of FRESDEMO plant.
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26.3.4 Changing Receiver Height

Itis interesting to observe the effects of changing receiver height as seen in Fig. 26.8.
When optical errors are not included in the simulation, optical efficiency is purely
increasing reaching a constant level. However, when the optical error is incorpo-
rated as in the case of actual plants, a maximum value of 61.6% is observed for
optical efficiency for 12 m receiver height. More importantly, optical efficiency is
starting to drop if the receiver height is changed from this value. The same trend is
seen for OCR where 20.1 is observed for 12 m receiver height.
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26.3.5 Changing Mirror Focal Length

Flat mirrors were changed with slightly curved parabolic shaped mirrors during the
simulation. The same focal length was used for all mirrors at a time. The range of
the focal lengths was selected based on the closest and furthest mirrors to the
receiver. Similar focal length values are found in a study of Qiu et al. [7]. It is
observed that both optical efficiency and OCR are increased when curved mirrors
are used. Maximum optical efficiency and OCR observed are 81.8% and 26.4,
respectively, for 14 m focal length. It is also noted that these values show less
sensitivity to focal length change between 10 m and 16 m (Fig. 26.9).



346 M. P. G. Sirimanna and J. D. Nixon

26.4 Conclusions and Future Work

Optical modelling has been carried out using SolTrace to identify possible
improvement of optical efficiency and optical concentration ratio (OCR) of LFR
systems. FRESDEMO prototype has been used as the base case for the simula-
tions, where mirror number, receiver width, receiver height and mirror curva-
tures were changed. It is noted that the optical efficiency is decreasing with
increasing of mirror number indicating that a low number of mirrors is preferred
in an LFR plant. Furthermore, results indicate that there is a maximum level of
performance that can be obtained by reducing the number of mirrors. However
it is noted that OCR is dropped by reducing the mirror number causing low
temperatures in the absorber tube penalising the overall plant efficiency.
Therefore, deciding the number of mirrors should be followed by both optical
and thermal analyses. As far as the receiver width is concerned, it is noted that
the FRESDEMO plant has got nearly the best possible receiver width in terms
of OCR under the current configuration. It is noted that optical efficiency and
OCR follow the same trend with changing of receiver height. Furthermore, they
both reach a maximum optical efficiency value indicating that the optimum
receiver height for FRESDEMO is reached at 12 m. Using slightly curved para-
bolic mirrors can improve the optical efficiency significantly. For the configura-
tion considered in the study, this optical efficiency improvement is near 33%
from the current value. Since the trend of changing both optical efficiency and
OCR with focal length is almost the same, an OCR improvement can be reached
at the same time by 37%. This is an interesting scenario where optical efficiency
increase is not penalised by OCR improvement. The same behaviour is observed
for a change in receiver height, although the performance improvement is rela-
tively low. This work also highlighted the importance of incorporating appropri-
ate optical errors and incident angle-dependent absorptivity to simulations as
neglecting those may leads to considerable errors and improper conclusions.

As a future work, the modelling of the receiver can be improved by integrating
secondary concentrators and a glass cover. Furthermore, simulation can be extended
to include different times and different locations.
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Chapter 27
The Energy Transition in Morocco

A. Laaroussi and A. Bouayad

27.1 Introduction

Renewable energies are an answer particularly adapted to the considerable energy
needs of the countries of the world: they make it possible to valorize their natural
resources, hydraulics, sunshine, wind, and biomass, to bring the production sites
closer to the centers of consumption, and to reduce the dependence of countries
with fossil energies. Morocco, like the rest of the world, has realized the impor-
tance of renewable energy (RE), especially since it has great potential in the field,
mainly in solar energy and wind energy. It is for this reason that a great enthusiasm
for the promotion of RE has been felt for some time. The country’s interest in the
development of green energy stems from its desire to reduce its dependence on
fossil energy resources and contribute to the fight against climate change. Indeed,
Morocco is a net importer of energy in the form of petroleum products and coal.
The country is in energy deficit with an external dependence exceeding 95% [1]: in
2012, the energy bill amounts to the sum of 103 billion dirhams, capturing nearly
26% of total imports. Consumption is constantly increasing, fluctuating between
8% and 11% per year, and local production is insufficient: we import from Spain
about 18% of our electricity. The oil bill becomes very burdensome, especially
with the increase in demand for electricity and the constant growth in the price of
petroleum products. This situation has repercussions on the national economy
through a worsening of the trade deficit and a rise in consumer prices [2], thus
threatening the financial balance of the state, the competitiveness of national com-
panies, and the power to purchase of citizens. In addition, the acceleration of
Morocco’s economic and social development has led to a significant increase in
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energy demand. To meet its growing energy needs, Morocco has defined a new
energy strategy aimed at securing energy supply and optimizing access while ratio-
nalizing consumption and protecting the environment.

27.2 Morocco: From Fossil Fuels to Renewable Energy

As a net importer of oil, Morocco is subject to the global oil market. The oil bill
becomes very heavy, which affects the national economy through a worsening of
the trade deficit and a rise in consumer prices. In recent years, in order to lower
public debt and in order to secure and improve its energy supply, Morocco has
begun to develop a two-way strategy. On the one hand, the country encourages the
local production of fossil fuels through oil exploration to deepwater deposits on its
territory; and on the other hand, it is moving toward increasing RE in its energy mix
by encouraging investment.

27.2.1 Moroccan Energy Context

Morocco is weakened by its strong energy dependence on the outside, which
accounts for 95% of its energy consumption (Morocco produces only 5% of the
energy it consumes). Commodity price volatility, combined with growing energy
needs per capita, is putting significant pressure on the trade balance and on public
finances. The energy bill has recorded an annual growth rate of 18.8% on average
since 2002, reaching 107 billion dirhams in 2012, driven by an average annual
increase of 5.7% in energy consumption to 17%, eight million tonnes of oil equiva-
lent (Mtoe). Morocco’s energy bill has risen sharply in the first 7 months of 2014.
In addition, the Moroccan energy bill was 53.392 billion dirhams at the end of July
2014, an increase of 4.3% compared to the same period in 2013 when Morocco had
spent only 51.207 billion dirhams. A rather disappointing achievement after the few
signs of thinning that had known the net energy bill in January and February.
(Fig. 27.1).

In the first 7 months of 2014, energy imports have cost the Morocco 58,250 bil-
lion dirhams against timid exports amounting to 4858 billion dirhams. Over the
period from January to July 2014, imports have increased by 4.1%, compared with
the same period in 2013, and represent 24.8% of the total imports of the kingdom.
In addition, the net energy required (energy represents all the quantities of energy
made available to domestic energy consumption) increased at the end of July 2014.
This consumption amounted to 19,288,5 gigawatt hours (GWh) at the end of July
2014, compared to 18,329 GWh a year earlier, an improvement of 5.3%. This energy
production is dominated by thermal energy with 13,733.2 Gwh at the end of July
2014. (Fig. 27.2).
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Most of electricity produced in Morocco comes from thermal power plants,
which are largely based on the combustion of imported coal and the rest on imported
oil. Moreover, due to the industrial and economic development of Morocco, the
demand for electricity has increased on average by 7% per year over the last
10 years, which has resulted in a doubling of demand in 10 years from 17,945 GWh
in 2004 to 33,523 GWh in 2014. We therefore note that energy needs are still

growing:

e Primary energy: 5.3%
 Electricity: 7%
e Petroleum products: 5%
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27.2.2 Challenges Between 2014 and 2025 (Figs. 27.3
and 27.4)

The main challenges to be met between 2014 and 2025 are:

e Satisfaction of energy demand following a sustained growth rate (demand will be
increased by 70% between 2013 and 2025)

* Need to accelerate the rate of completion of ongoing projects and launch of new
projects

* Need to accelerate the pace of reforms and accompanying measures to enable
public and private operators to ensure the supply-demand adequacy of electricity
(demand will be doubled between 2013 and 2025)
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Fig. 27.3 Average change in electricity demand in Morocco [4]
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Fig. 27.4 Average change in demand for primary energy in Morocco [4]
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e Controlled management of the energy transition in Morocco taking into consid-
eration the need to preserve the balance of the sector

e Morocco’s rational interaction with the profound changes in the energy sector at
the regional and international levels

27.3 The Energy Cost and Energy Plan in Morocco

Morocco’s energy policy since independence has generated a supply structure dom-
inated by conventional energy, which is 96% dependent on imports on the world
market. This reality has impacted all the components of the Moroccan economic
fabric. National economic growth remains dependent on the international situation.
Indeed, the price of energy is highly sensitive to the context of global supply and
demand, coupled with the high volatility of the dollar (the global energy market is
denominated in dollars). In addition, the move to the floating exchange rate could
make the situation even more vulnerable. A complete overhaul of this energy struc-
ture is needed to allow the Moroccan economy to free itself from these bottlenecks.
The purpose of this presentation is to visualize in a first point the effect of this
energy structure on the trade balance and its environmental impact. The second
point will be devoted to the presentation of the new energy plan as an alternative.

27.3.1 The Energy Cost in Morocco and Trade Deficit

Energy dependence on the outside world has worsened steadily, leading to a grow-
ing deterioration of the energy gap, from 70% in 1970 to 83% in 1980 to reach 96%
today. This deficit is due to the average annual growth of electricity consumption of
7% (a doubling every ten years), due to the dynamic of economic and social devel-
opment of the country, due to the rapid expansion of cities, and due to the rural
electrification. The energy bill, of which petroleum products are dominant, depends
essentially on crude prices, of which Morocco imports in full. Until the early 1970s,
the weighted average price over the period 1963-1970 was 3$/barrel, which
accounted for between 25% and 33% of export earnings of phosphates. From the
first oil shock in 1973, it went up to 12$ per barrel which led to a fourfold increase
in the oil bill, and this coverage rate climbed to 81.5% in 1978. The second oil crisis
of 1979-1980 hit Morocco hard when the price of crude oscillated in 35$ and 40$
per barrel, equivalent to 112% of the same coverage rate and 36.3% of total exports,
which represented almost 9% of gross domestic product (GDP). From 1986, follow-
ing the discovery of North Sea oil, crude oil prices dropped to 10$ per barrel, climb-
ing exceptionally to 35$ per barrel in 1991 following Iraq’s invasion of Kuwait to
stabilize between and 22$ per barrel until mid-1999. This drop in price significantly
eased the energy bill, or 4% of GDP, which is equivalent to 20% of exports. From
2004 onward, prices have risen to over 111$ per barrel in 2011 and 2012 to reach 98
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billion dirhams. According to official sources, the energy bill alone explains 70% of
the rise in total exports of Morocco in the first § months of 2017, or 45 billion dir-
hams, which represents an increase of 30% over 2016 over the same period.

27.3.2 Energy Structure and Environmental Impact

In the world, greenhouse gas emissions result from the exploration and exploitation
of primary energy sources, conversion of primary energy sources as secondary
energy in refineries and power plants, transmission and distribution of fuels, and
final fuel consumption in stationary and mobile applications. Emissions related to
energy use include CO2, CH4, N20O, nitrogen oxides (NOx), carbon monoxide
(CO), and non-methane volatile organic compound (NMVOC) emissions. They also
include sulfur dioxide (SO2) emissions. The energy sector emitted 47,890.5 Gr
CO2e in 2010 and 55,248.6 Gr CO2e in 2014, an increase of 15% between the
2 years. Total emissions from the energy sector remain dominated by CO2 (>97%)
followed by CH4 and N20O (around 1% each). Considering all the emitting sources
of the energy sector, including fugitive ones, it is the energy industries which domi-
nate very largely the balance of the emissions with 35-38% of the emissions
expressed in CO2e. The road transport sector comes second, but far behind at around
29%. Combustion in industry accounts for 13—15% with 20.8% of emissions from
the energy sector, followed by the residential sector (11%) and agriculture/forestry/
fishing with almost 5%. All remaining sectors account for approximately 5% of
total energy-related emissions.

27.4 Moroccan Energy Strategy: A Transition to Renewable
Energy

Renewable energy sources are becoming an increasingly important part of the
global energy mix. Morocco is no exception to this trend and has the advantage of
enjoying a particularly rich potential compared to other countries, especially since
it has a large pool of renewable energy resources. The potential of these resources
(solar, wind, biomass, geothermal, hydro, ocean energy, etc.) is more than enough
to meet the entire energy needs of our country. The intelligent exploitation of this
potential could allow Morocco to completely do without imported fossil fuels, con-
tribute to the protection of the environment, and create new wealth. However, some
of the technologies needed to achieve this goal still require further development and
cost reduction. A huge research, development, and demonstration effort is therefore
needed in both the private and public sectors.
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27.4.1 Resources of Renewable Energy in Morocco
27.4.1.1 Solar and Wind Resources

The Morocco has a huge potential in RE especially wind power whose global poten-
tial is estimated at 25000 MW with 6000 achievable MW in wind speeds exceeding
9 m/s to 40 m of height in several regions and in solar with irradiation of 5 kWh/m?/
year and 3000 h/year of sunshine, an average equivalent to the south of Europe, has
a theoretical capacity of more than 20,000 GW (Fig. 27.5).

In the wind, Morocco enjoys a very important potential more particularly along
its coasts with wind speeds greater than 6.5 m/s and up to 10 m/s. The technical
potential certainly exceeds 10,000 MW of installed capacity.

Solar is certainly the most important source of renewable energy in Morocco.
The average incident solar radiation varies from 4.7 to 5.6 kWh per day and per m?
which represents a sunshine of between 2800 h per year for the less favored regions
and more than 3400 h per year for those who are the best exposed. With more than
3000 h/year of sunshine, an irradiation of ~5 kWh/m?%day, Morocco enjoys a con-
siderable solar field. This source of energy is a particularly important potential,
especially in areas with poor electricity production capacity.

27.4.1.2 Hydraulic and Biomass Resources

By 2020, the installed hydroelectric capacity will be increased from 1730 MW to
2700 MW by the construction of new dams and pumping stations (Fig. 27.6).

The Moroccan hydroelectric production is highly variable depending on the
annual rainfall. The contribution of hydropower, with a capacity of 1745 MW at the
end of 2013, is expected to increase in the coming years to 2700 MW by 2020
through the construction of new dams and pumped energy transfer stations.

GISEMENT EOLIEN : 25 000 MW ON SHORE GISEMENT SOLAIRE : 5,5 Kwh/m/j

- = 6.5 KWhim*
. 538 5.5 kWhm*
[ _] 5.0 8 5.3 KWhim®
D 4.7 & 5.0 KWivim*
[] =asxwmm

Fig. 27.5 Solar and wind farm in Morocco [5]
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Fig. 27.6 Hydraulic power potential in Morocco [6]
27.4.1.3 Biomass Potential in Morocco

Morocco has a large biomass deposit to exploit. It is mainly forest undergrowth,
wood chips from the logging and sawmilling industry, timber from arboriculture
and viticulture, stems and leaves from number of crops (for example:cereals, pulses,
sunflower, sugar beet, sugar cane, olive trees, vegetable crops), the by-products of
agribusiness such as olive cake and vegetable water from the 16,000 traditional
mills and of 14 modern oil mills (40 000 tonnes of olive oil are extracted on average
annually, 160 000 tonnes for the year 2001), the by-products of the sugar factories
(13 sugar factories), the hulls of fines, the seeds of argan tree and seaweed taking
advantage of the 3500 km of coastline of the Kingdom [6]. This potential is cur-
rently very little developed in Morocco and retains the full attention of national
actors. As for the forest, it fulfills an economic role that manifests itself in the pro-
duction of 600,000 m?/year of timber and industry, which is 30% of the country’s
needs. It is also responsible for 10,000,000 m?*/year of fuelwood, accounting for
30% of the global energy balance. Thus, the Moroccan forest contributes nearly
10% to the national agricultural GDP. This contribution considers both the values of
direct consumption achieved in the context of market-integrated commercial sectors
and income directly derived by local populations in the form of firewood, range-
lands, and various menu products.
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27.4.2 Renewable Energy and Energy Efficiency Projects

in Morocco: Assessment and Prospects

Noor central photovoltaic (PV) I:

Power 170 MW: Noor Ouarzazate IV 70 MW; Noor Laayoune and Noor
Boujdour, with a total capacity of 100 MW

Technology: Photovoltaic

State of progress: Launch of an expression of interest (March 2015)

Prequalification of 37 bidders (December 2015)

Noor central Midelt:

Launching a call for expression of interest in December 2015

Noor central Tafilalet (central PV in the end of the line Erfoud, Zagora, and
Missouri): 75/100 MW

Date of commissioning: 2017
Hydroelectric projects: Parks in service

Bine el Ouidane 135
Afourer 94
Tanafnit — El Borj 40
Al wahda 240
Allal el Fassi 240
Al Massira 128
Ahmed el Hansali 92
STEP Afourer 464
Diverses usines 337

Total 1770

The hydraulic is at the origin of the electrical production in Morocco, what is

translated by:

Strengthening of the hydroelectric park in the framework of the policy of large
dams launched since the 1960s

The introduction of the PETS (pumped energy transfer stations) to the regulation
of the operation of the national park of production, in particular based on RE
The renewed interest of the hydraulic with the new energy strategy, including the
microphone hydraulic power stations

Noor central Ouarzazate I, concentrating solar power plant (CSP):

Power: 160 MW with 3 h of storage
Technology: Cylindrical parabolic
Developer: Acwa-Sener consortium
Beginning of work: May 2013
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Date of commissioning: 2016

Noor central Ouarzazate II (CSP):

Power: 200 MW with storage
Technology: cylindrical parabolic
Developer: Acwa-Sener consortium
Beginning of work: 2015

Expected date of commissioning: 2018

Noor central Ouarzazate II1 (CSP):

Power: 150 MW with storage
Technology: Tower

Developer: Acwa-Sener consortium
Beginning of work: 2015

Expected date of commissioning: 2018

A. Laaroussi and A. Bouayad

Development of programs of large- and medium-sized solar photovoltaic

power plants:
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e PV program NOWE (National Office of Water and Electricity): 400 MW.
e PV program MASEN (Moroccan Agency for Solar Energy): 400 MW.
e PV program private producers very high voltage (VHV), high voltage (HV)

— Development of projects of solar power plants photovoltaic whose production
is intended for consumers connected in the medium voltage.

— Development of the large-scale use of PV in the residential and tertiary con-
nected in low voltage. The potential is assessed to 4.5 GW.

— Implementation of programs of accompaniment in matters of industrial inte-
gration and R&D dedicated to PV.

National program for promoting solar pumping in irrigation water projects
Energy efficiency, an important pillar of the Moroccan energy strategy

Project Objective

* Promotion of the use of solar pumping systems in irrigation water-saving
projects

* Reduction of the energy bill of the farms, as well as the water consumption for
the irrigations

e Target: Farms in size to less than 5 ha

Programs and Actions in Progress

e Measures of EE (energetic efficiency)

e EE in the public administrations

* Promotion of EE in the lighting

* Incentive pricing system

¢ Communication, education, and awareness

* Sustainable urban development of cities, both new and old, integrating the factor
EE

e Targets: Saving of 12% to the Horizon 2020
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Saving of 15% to the Horizon 2030

 Priority programs targeting consumer sectors: industry, transportation, and
building

27.5 Conclusion

Morocco has adopted a transversal, integrated and participatory approach to facili-
tate transition to green economic development and participate in the global chal-
lenge concerning renewable energies and climate change. The country remains
convinced that the mobilization of the state, the attractiveness of the energy sector,
the general awareness, and the involvement of the whole society are the four engines
to make a transition toward a green development and guarantee the resilience of
Morocco facing the challenges of climate change and energy dependency. Internally,
optimism dominates the RE sector and contributes to its dynamism. Thanks to its
geographical position and its potential as natural sources of energy, Morocco is on
the right track to succeed in its energy strategy by carrying out major projects on its
territory and by putting laws which aim to promote the production of energy from
renewable sources, its marketing, and its export by public or private entities.
However, the RE sector is fragile in terms of youth and unskilled labor and remains
dependent on substantial funding, subsidies, and support. Indeed, most of the costs
of the most widespread RE applications are higher than those of conventional
energy technologies, which discourages Moroccan companies from specializing in
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the production of energetic materials. So, a framework of financial and fiscal subsi-
dies for renewable energy generation and encouragement of research and develop-
ment in RE are needed to improve the sector.
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Chapter 28

Energetic Performance Optimization
of a H,O-LiBr Absorption Chiller Powered
by Evacuated Tube Solar Collector

Nasiru L. Ibrahim, Fahad A. Al-Sulaiman, and Farid Nasir Ani

Nomenclature
a, First-order heat loss coefficient W/m?-K
a, Second-order heat loss coefficient W/m?-K?

A Area (m?)

COP  Coefficient of performance

Cp Specific heat capacity (J/kg-K)
Enthalpy (J/kg)

Incident solar flux (W/m?)

Mass flow rate (kg/s)

Pressure (kPa)

Heat transfer rate (W)
Temperature (°C or K)

A Overall heat transfer coefficient, (W/K or kW/K)
A\ Pump work (W)

Mass fraction of LiBr in solution
1 Efficiency

CHp B &F
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Subscripts

a Absorber, air

[¢ Collector, condenser
e Evaporator

g Generator

p Pump

sys  System

u Useful

w Water

28.1 Introduction

Renewable energy sources are expected to be viable alternative solutions to cover
the ever-increasing cooling demand, thereby addressing the issue of high-energy
consumption by the conventional cooling systems and negative environmental
impacts due to the use of chlorinated fluorocarbon compounds (CFCs) [1]. Solar
energy in particular is one of the promising renewable energy sources due to its
abundance in many parts of the world and greenness [2, 3]. The role of solar thermal
collectors is to convert the solar energy into heat, which is then used to run a ther-
mally driven cooling system, generating cooling effect in terms of chilled water or
conditioned air for buildings environment. Closed and open sorption technologies
(absorption, adsorption, and desiccant) appear to be more attractive options to
replace the conventional vapor compression cooling systems [4, 5]. Absorption
technology is leading in terms of worldwide installation for comfort [6]. However,
solar-driven absorption chillers are still not widely commercially available, mainly
because of system complexity and relatively high initial investment of the solar
field, with about 35% of the total cost [6, 7]. Hence, there is a need for proper sizing
of the collector to be integrated with cooling systems. Sizing the solar collector field
must not be oversized nor undersized for a given chiller capacity. Oversized collec-
tor increases the overall cost of the cooling system as well as potential risk of chiller
failure, while undersized collector may lead to low cooling output of the system.
Deployment of solar thermal collectors as the primary energy input necessitates
proper configuration strategies and optimization. System optimization is the usual
approach used for sizing the collector field of solar-powered cooling systems [8].
Assilzadeh et al. [9] reported an optimization study of a 3.5 kW H,0-LiBr absorp-
tion system powered by evacuated tube solar collectors for Malaysia and similar
tropical regions. Simulation results carried out using TRNSYS program indicate an
optimum area of 35 m? (10 m*kW cooling) evacuated tube solar collector. A similar
study revealed that about 3.3 m*kW minimum specific collector area based on para-
bolic trough is needed for a 17.5 kW single-effect lithium bromide-water absorption
cooling system in Ahwaz, Iran [10]. Saleh and Mosa [11] optimized the perfor-
mance of a single-effect H,O-LiBr absorption system driven by flat plate solar
collector at different level of solar radiation and heat source temperature. However,
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there is no information regarding the corresponding size of the solar collector field.
In a related study, Pandya et al. attempted to find optimum generator temperature of
a single-effect H,O-LiBr absorption system at different condenser and evaporator
temperature that gives maximum COP or minimum exergy destruction. Kumar et al.
[12] presented comparison of performance optimization of single-stage H,O-LiCl
and H,O-LiBr absorption cooling systems driven by different solar collectors.
Optimization parameters considered include heat source temperature, system COP,
exergetic efficiency, collector area, and cost to determine the best working pair and
collector type. The results from performance indicators showed that the H,O-LiCl
absorption cooling system is better to be powered by evacuated tube solar collector.
A similar conclusion was also made in another study by the same group [13].

Literature survey indicates that most of the optimization studies on solar thermal-
driven absorption systems focused on external operating parameters such as cool-
ing, heating, and chilled water flow rates and temperature, respectively. The internal
operating parameters of the chiller such as temperatures and mass fraction of LiBr
or solution concentration need to be considered for better system reliability. This is
to minimize failure and ensure reliability when it comes to practical system integra-
tion as information such as solution crystallization are very important. Crystallization
is associated with the solution concentration (LiBr mass fraction) and temperature.
Hence, the main objective of this contribution is to optimize the performance of a
solar absorption cooling system for better sizing of the collector field taking into
account the internal operating parameters of the absorption chiller.

28.2 System Description

The solar-driven single-effect absorption cooling system consists primarily of a
solar thermal collector, an absorption chiller, and other auxiliary components such
as pumps and valves, usually accompanied with thermal storage. Figure 28.1 shows
a single-effect H,O-LiBr absorption chiller in its simplest configuration consisting
of four main components: evaporator, absorber, generator, and condenser. The heat
source can be solar thermal energy, waste heat, geothermal, biomass energy, or elec-
tric boilers. For solar-driven absorption system, the chiller receives input energy
(hot water) from the solar collector to the generator and converts it to cooling energy
in the form of chilled water in the evaporator.

In operation, the generator receives heat input from the solar collector, state (17),
which vaporized refrigerant (water) out of the solution, subsequently forming a
solution of higher concentration. The vaporized refrigerant exits and enters the con-
denser (7) where it is condensed. The liquid refrigerant passes through an expansion
valve and enters the evaporator at low pressure (8-9), while the regenerated sorbent
returns to the absorber through a solution heat exchanger SHX process (4-6). Both
pressure and temperature of the refrigerant and solution are decreased after passing
through the expansion valves. The refrigerant evaporates in the evaporator as it
extracts heat from the cooling demand side (load), producing cooling effect, and
exits the evaporator as saturated vapor (10). The concentrated solution in the
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Cooling
water

Chilled
water

Fig. 28.1 Schematic of a single-effect water-lithium bromide absorption chiller

absorber absorbs the refrigerant vapor coming from the evaporator. Heat must be
rejected from condenser and absorber, and this is usually accomplished by cooling
tower (not shown in the figure) or ambient cooling, the processes indicated by (11—
12, 15-16). The diluted or weak solution in the absorber is pumped to a high pres-
sure back to the generator (1-3), and the cycle continues.

28.3 System Modeling and Method

The system model is developed based on energy and mass conservation applied to
each component considering the following assumptions [14]:

* Steady-state operation.

e Saturated liquid refrigerant at condenser exit.

» Refrigerant leaving the evaporator is saturated.

* Negligible pressure drops in heat exchangers and the piping systems.

* Heat losses from the components of the system to the ambient are neglected.

e Kinetic and potential energy terms are neglected in the energy balance
equations.

The solar collector is analyzed assuming a steady-state operation. The model of
the solar collector is used to determine the useful heat energy required to drive the
absorption chiller. The energy supplied by the collector to drive the chiller is given by:

Qu = ACIGnc (28'1)

where 7, is the conversion efficiency of the solar collector given as [15]:
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T,-T, (T,-T,)
n.=n,—aq —-a, (28.2)

G

and T, is the mean inlet and outlet temperature of the collector fluid. The values of
1o, a1, and a, for the collector type SEIDO 1-16 are 0.73, 1.5, and 0.0054 W/m?K?,
respectively [16, 17]. Thermodynamic model of the absorption chiller is developed
considering four sets of thermodynamic equations, mass balances, energy balances,
heat transfer relations and equations describing thermophysical properties of the
working fluids [18, 19], and is presented in Table 28.1. The parameters i, Q . X,
and h represent mass flow rate, rate of heat transfer, mass fraction of LiBr in the
solution, and enthalpy, respectively, at various state points (Fig. 28.1).

The model equations are coded and solved in engineering equation solver (EES)
[20] software, which contained thermophysical properties of the working fluids.
The temperature, pressure, enthalpy, and concentration at each of the state points of
the chiller cycle are interrelated as:

h=f(T.P.X) (28.3)

Hence, several state property equations are required and can be accessed through
H,O-LiBr property library in EES. The property functions of the H,O-LiBr solution
built in EES are based on the correlations provided by Patek and Klomfar [21].

28.4 Results and Discussion

The analysis is carried out on a WFC10 Yazaki (35.2 kW) absorption chiller driven
by evacuated tube solar collector. The input parameters for the simulation are shown
in Table 28.2 and are based on the following references [8, 18, 22-24]. The aim of
the optimization is to find the optimum collector area at maximum COP. The system
optimization problem is a single-objective (COP), multivariable (A, I, T,) type;
hence genetic method is used. The genetic method is a multivariable optimization
technique based on genetic algorithm built in EES [24]. It involves selection of
individual population at random from a given range of independent optimization
variables, number of generation, and mutation rate.

28.4.1 Optimization Results

Figures 28.2 and 28.3 show the optimization results where Fig. 28.2 represents the
objective function (COP) and Fig 28.3 the optimization variables. The ranges of the
other optimization variables, that is, solar radiation and temperature, are set to 800—
1000 W/m? and 30-45 °C, respectively. It is noted from the figures that maximum
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Table 28.1 Model of absorption chiller

Chiller parts Mass balance | Material balance | Energy balance
Generator . . . . . .
1y =ity iy | Xy =X, 0, = tiv,h, +rih, — i h, )
Absorber . . . . . - . . .
my, = g+, | X, =mX, 0, = righg + i hy, —rivh (5)
Evaporator . . - : .
my =m, Q, =m, (hlo _h9) ()
Condenser . . - : .
m,; = ny 0, :m7(h7_hs) (7
Pump . X =X, .
1y =, W =m (h,—h) (8
Solution heat exchanger | . . X, =X; . .
m, =, X, =X tity (hy = h, ) = i, (h, = hs ) ®
m, = 1
REV - hs=hy  (10)
Ty = it
SEV . . X5=Xs hs=hs (11)
Tl = ritg
Heat transfer equations
Generator . . . T,-T,)- (T, T,
Qg=Qu=mnCp(Tn—Tlg)=UAgw (12)
[Tn - T4 j
In| 1—*
T18 - T7
Absorber . T.-T,)-(T,-T,
0, :mlscp(Tm_Tls):UAaM (13)
m[n—nﬂ
Tl - TIS
Evaporator R T.-T (T -T.
Qe:mlscp(Tls_Tm):UAe( = 10) ( = 9)
h{TTn = j
1 1o (14)
Condenser

IH(TS—THJ
TIS_T12

Q(' =m11Cp(T12_T11)=UAc (15)

Solution heat exchanger

_(T4_T5) (16)

SSXH - (T:t _Tz)

Chiller COP COP=0,/0, 17
System COP )
cop, =% (s
Al,

COP (0.754) occurred at optimum solar collector area of about 77.5 m?, solar radia-
tion of about 902 W/m?, and ambient temperature of 40 °C. At absorber inlet, there
is risk of solution crystallization due to low temperature; hence the solution tem-
perature and concentration (LiBr mass fraction) at the optimized condition are
shown in Fig. 28.4. The respective values of the two parameters in Fig. 28.4 indicate
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Table 28.2 Input parameters Parameter Value
Solar collector area, A, 60-128 m?
Collector fluid/heating water mass 2.4 kgls
flow rate, n1,,
Heating water inlet temperature, 7;; | 88 °C
Weak solution mass flow rate, 7, 0.197 kefs
Effectiveness of solution heat 0.64
exchanger, &gy
Cooling water inlet temperature, 7;5 |31 °C
. . 5.1 kg/
Mass flow rate of cooling water, 7, s
. . 1.52 kg/!
Mass flow rate chilled water, 7, .
Chilled water temperature at 12.5 °C
evaporator inlet, 73
Overall heat transfer coefficient of 8.251 kW/C
absorber, UA,
Overall heat transfer coefficient of 7.98 kW/'C
condenser, UA,
Overall heat transfer coefficient of 14.096 kW/°'C
evaporator, UA,
Overall heat transfer coefficient of 6.34 kW/'C
generator, UA,
Number of population 20
Number of generation 80
Mutation rate 0.2
0.755
0.754
0.753
a
0.752
8
5 o751
£ 0.750
1%
0.749
0.748
0.747
[1] 10 20 30 40 50 60 70 80 a0

Fig. 28.2 Maximization of chiller COP

Number of generation
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Fig. 28.4 Solution temperature and LiBr mass fraction at absorber inlet

that the optimized condition is obtained away from the crystallization limit. The
crystallization limit of the solution at temperature between 40 °C and 60 °C and
pressure below 1 kPa is 65% mass fraction of LiBr according to the Duhring chart
of H,O-LiBr solution [25].
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28.4.2 Sensitivity Analysis

The purpose of the sensitivity analysis is to study the relative effect of the optimiza-
tion variables to the chiller performance and operation. This involves varying one
optimization parameter and keeping others constant at a time. Figure 28.5 shows
variation of COP with area of solar collector for constant ambient temperature and
different levels of solar radiation. The figure indicates the same value of maximum
COP at three different levels of solar radiation. For solar radiation of 800 W/m?, the
required collector area ranges from 87.5 to 92.5 m?. For solar radiation 902 W/m?,
the required collector area is 77.5-80 m?, and for solar radiation 1000 W/m?, the
required collector area is 67.5-70 m?. Solution temperature and mass fraction of
LiBr at the inlet of the absorber are strongly affected by both collector area and solar
radiation (Figs. 28.6 and 28.7). These results indicate that the crystallization limit is
reached for 1000 W/m? solar radiation at solution temperature of 51 °C (Fig. 28.6),
corresponding to mass fraction of LiBr of about 0.65 (Fig. 28.7) and collector area
117.5 m2. This shows that sizing the collector above 117 m? in places with high solar
radiation up to 1000 W/m? may lead to the undesirable phenomena of solution crys-
tallization. The ambient temperature shows insignificant effect on the chiller COP
and LiBr mass fraction, respectively, as depicted in Figs. 28.8 and 28.9.
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Fig. 28.5 Variation of chiller COP with solar collector area
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Fig. 28.7 Variation of LiBr mass fraction with solar collector area

28.4.3 Actual Weather Case Study

The system is simulated at optimum collector area using hourly weather data of
Subang, Klang Valley, Selangor, Malaysia (longitude 101° 33’, latitude 3° 7')
(Fig. 28.10). The results indicate that there is no significant effect of the weather
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variables on COP which ranges from 0.72 to 0.75 as shown in Fig. 28.11. This is
expected because the COP is a function of the cooling effect and the chiller heat
input, both of which vary in proportion [19]. As for the COP,.nm, the variation pat-
tern is much similar to that of the solar radiation, reaching peak at the maximum
radiation. The rates of heat transfer in the respective heat exchangers are shown in
Fig. 28.12. It is clear that the rates of heat transfer are much more affected by the
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solar radiation as their variation pattern follows similar. In order to check for the
potential risk of solution crystallization in the absorption chiller, variations of the
solution temperature and LiBr mass fraction during the day are plotted in Fig. 28.13.
It is observed that there is no risk of crystal formation in the solution based on the
conditions under consideration because the maximum mass fraction of LiBr is
about 0.59 which is below the crystallization limit.
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28.5 Conclusion

Energetic optimization study of single-effect absorption chiller driven by solar col-
lector is reported in this paper. The aim of the optimization is to find the optimum
size of the evacuated tube solar collector according to the chiller nominal capacity
at maximum COP. For WFC10 Yazaki (35.2 kW) absorption chiller, the optimiza-
tion results indicate optimum specific collector area of about 2.2 m*kW of cooling
at I = 902 W/m? and maximum COP of 0.754. Furthermore, sensitivity analysis
revealed that the required collector area ranges from 87.5 to 92.5 m? for solar radia-
tion of 800 W/m?, 77.5 to 80 m? for solar radiation of 902 m?, and 67.5 to 70 m? for
solar radiation of 1000 m?2. In addition, the results showed that there is risk of solu-
tion crystallization by integrating solar collector field larger than 117 m? in places
where solar radiation is up to 1000 W/m?2. Although the study is not a thorough
economic analysis, the outcomes are expected to serve as reference and guide to
those deploying solar thermal energy for absorption systems in sizing the solar col-
lector field, which constitute the major share of initial investment.
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29.1 Introduction

Wind generation of electrical energy is a promising energy resource for its sustain-
able nature and its very low net carbon impact. Wind power is cheap and a source of
clean energy, so it is of interest to many countries. The new trend is now to produce
small turbines that are easy to install and use to convert wind power into electricity.
A small wind turbine is a wind turbine used for microgeneration, as opposed to large
commercial wind turbines, such as those found in wind farms, with greater indi-
vidual power output. The Canadian Wind Energy Association (CanWEA) defines
“small wind” as ranging from less than 1000 W (1 kW) turbines up to 300 kW tur-
bines. The smaller turbines may be as small as a 50 W auxiliary power generator for
a boat, caravan, or miniature refrigeration unit. The advantage in these turbines is
that it can be installed anywhere on boats, lighting poles, residential buildings,
schools, or industrial facilities. Small wind power systems are very attractive to sup-
port the energy demand either for local residential and small businesses or for devel-
oping countries where the electrical grid infrastructure is limited [1].

Large wind power systems, with outputs in megawatts, have clear advantages
over small wind power systems because of the economy of scale. The cost of elec-
tric power generated by small wind turbines is about 50% more than that of large
open-space units, but compared to other power sources, it is very cheap, ranging
from 15 to 30 cents per kWh. China is a country that produces and benefits greatly
from small wind turbines. This method has contributed to the provision of electric-
ity to nearly 1.75 million people who had no electricity in the past. Many countries,
such as India and South Korea, are interested in generating wind power through
these small turbines, but the United States is progressing significantly in the future
industry as US companies produce and export these units as well [2].
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According to data from the American Wind Energy Association, the rates of
energy produced from small wind turbines have doubled in the United States over
the last 3 years. The Association expects the rate to triple by 2015. Perhaps the most
important reason for interest in this industry in the United States is the desire of
many Americans to reduce dependence on nonrenewable energy sources, in addi-
tion to the rise in energy prices in general [3].

For a small wind turbine to be effective, it must produce energy across a wide
range of wind speeds. It must be able to generate energy from winds that are switch-
ing directions and gusting. It must also be very quiet, so that it will not disturb
people living nearby, and it certainly helps if it is pleasing to the eye as well [4].

29.2 Wind Energy in Jordan

There are a number of regions in Jordan with acceptable wind speed to generate
electricity, where the great potential areas are the northern and southern parts. The
country is classified into three wind regions according to prevailing wind speed: less
than 4 m/s, between 4 and 6 m/s, and more than 6 m/s for low, medium, and high
regions, respectively. But high wind regime is limited to certain districts: most
attractive sites are Hofa, in the northwestern corner and Fjeij, near Showbak, and
Wadi Araba in the south [5]. Figure 29.1 shows wind speeds of selected areas.

A wind atlas has been prepared, based on an assessment of the available resource,
which demonstrates the existence of a potential for several hundred megawatts of

Wind Speed
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Fig. 29.1 Wind speed of selected cities [6]
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wind power installations. Currently there are three operational wind farms in Jordan:
Al-Ibrahimiya, with a capacity of 320 kW (4 x 80 kW), established in 1988 in
cooperation with a Danish firm and considered as a pilot project; the other, in Hofa,
which has a capacity of 1125 kW (5 x 225 kW), established in 1996 in cooperation
with the German Government under a program called Eldorado; and the third farm
in Altafila which generates 117 MW. Both wind farms are operated and maintained
by the Central Electricity Generating Company (CEGCo). During 2008, generation
from the two plants totaled 2.92 GWh [7].

In [8], it was found that the wind potential of the Azraq South, Northeast Badia
region, could be adequate for stand-alone electrical and mechanical applications,
such as wind generation, battery charging, and water pumping as well as agricul-
tural applications.

29.3 Wind Turbine Design

A small wind turbine has five things in common though: a generator, blades, a
mounting that keeps it turned into the wind, a tower to get it up into the wind, and
batteries and an electronic control system. Most designers use surplus permanent
magnet DC motors as generators in their projects. There are probably lots of other
brands and models of permanent magnet DC motors available that will work well as
generators. Permanent magnet DC motors work as generators, but they weren’t
designed to be generators. So they aren’t great generators. Some types of motor are
a lot worse than others. When used as generators, motors generally have to be driven
far faster than their rated speed to produce anything near their rated voltage. So what
you are looking for is a motor that is rated for high DC voltage, low rpms, and high
current. We want a motor that will put out over 12 V at a fairly low rpm and a useful
level of current. So a motor rated for say 325 rpm at 30 V when used as a generator
could be expected to produce 12+ volts at some reasonably low rpm. On the other
hand, a motor rated at 7200 rpm at 24 V probably won’t produce 12+ volts as a
generator until it is spinning many thousands of rpm, which is way too fast for a
wind turbine [9, 10].

As such motors are not available in our market, we decided to use a 600 W, 12 V
automobile DC generator. The wind turbine to be built has to deliver 161 kWh in a
30-day month. The design approach comprises the following steps:

1. Calculation of the capacity factor of the WT (CF)

2. Calculation of the rotor diameter (D)

3. Calculation of gear ratio

4. Calculation of the output power and the power curve
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29.3.1 Capacity Factor

Actual energy deliveredpermonth  161kWh
Genrator rated power x 24 x 30 0.6x720

Capacity factor (CF) = 0.372
29.3.2 Rotor Diameter

The average wind speed is assumed to be 6 m/s. The rotor diameter is calculated
using the following approximate relationship [11]:

CF=0.087(V,, )- Il;rz

P 0.6kW
D= : = =2m
0.087xV,,, —CF  10.087x(6m/s)-0.372

where:
V. is the average wind speed m/s, P, is the rated power of generator (kW), and
D is the rotor diameter (m).

29.3.3 Gearbox Ratio

Number of teeth(large bobbin) 76 55

Gearbox ratio =
Number of teeth (small bobbin) 30

This means that the wind turbine shaft speed will be increased 2.5 times.

29.3.4 The Output Power and Power Curve
The power in the wind is calculated as follows:
P = ] X px Axv’
vT5 P

A="yD? =" 22 =3.1415m>
4 4
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Fig. 29.2 Power in the wind

We find P,, for different wind speeds and we get the curve shown in Fig. 29.2. For
example, for a wind speed of 7 m/s:

1
P =—xpxAxV’
vT5 P

P, = G]x1.225x3.1415x73 =659.9W

where p is 1.225 kg/m® at 30 °C and 1 atm.
The output power is:

P, =nxP, :%xprxWxn

where 1 is the overall efficiency of the system (wind turbine, gearbox, generator,
and inverter). For a wind speed of 7 m/s and efficiency of 27%, we get:

P. =P, xn :%xprxv3 x1n =659.99%x0.27 =178.2W.

The calculated power curve of the designed WT is shown in Fig. 29.3.

29.4 Mechanical Components

The tower is made from a cylindrical iron conduit with the dimensions:
length = 254 cm, diameter = 7 cm, and thickness = 5 mm. The tail is made with the
dimensions as shown in Fig. 29.4. The main purpose of the tail is to control the
direction of the WT rotor due to the wind.
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Fig. 29.3 Power curve of the designed WT

Fig. 29.4 The tail

29.4.1 Blades

We decided to use five blades for the wind turbine. The decision is based on advan-
tages of five-blade small wind turbines over three-blade small wind turbines. These
are [12]:

Five-blade wind turbines will greatly improve annual energy production in low
wind conditions. For areas with average wind speeds of 5 m/s, if you compare
annual energy output to conventional three-blade wind turbine, there is an
increase of annual energy output of more than 60%.

Five-blade wind turbines will dramatically improve the reliability and safety of
wind turbine. The blade rotation speed of a five-blade turbine is 60% of the rota-
tional speed for a three-blade wind turbine. Five-blade wind turbines will greatly
reduce chance of overspeed control malfunction. This will ensure operational
reliability from a long-term perspective.

The lower blade rotation speed of five-blade wind turbine will lower wind tur-
bine noise and make five-blade wind turbines more community friendly than
three-blade wind turbines.

The five blades have been made by cutting sections out of PVC pipes of 4 inches

diameter and 1 m long and shaping them into airfoils (Fig. 29.5). We started by placing
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marks on the perimeter of the pipe equally and cutting it lengthwise into three pieces.
Then we cut out one blade and used it as a template for cutting out the others. We then
did a little extra smoothing and shaping using a belt sander and palm sander on the cut
edges. The dimensions of a blade are shown in Fig. 29.6.

The next step is building a hub to bolt the blades to and attach to the generator.
We found a scrap disk of aluminum 26 cm in diameter and 1/4 inch thick that I could
bolt the blades onto, but it wouldn’t attach to the motor shaft. The simple solution
of course was to bolt these two pieces together to make the hub (Fig. 29.7). The hub
is attached to a gearbox with a ratio of 1:2.5.

A gearbox is typically used in a wind turbine to increase rotational speed from a
low-speed WT rotor to a higher-speed electrical generator, to increase the output
voltage of generator. The gearbox contains tow bobbins; a large-diameter bobbin is
attached to the WT rotor, and the other small-diameter one is attached to the genera-
tor. We use a belt to link the bobbins with each other (Fig. 29.8).

Fig. 29.5 Building steps of the blades out of PVC pipes

~~—116cm——=
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Fig. 29.6 Blade dimensions
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Fig. 29.7 The hub with
blades attached

Fig. 29.8 Bobbins and
belt

29.5 Electrical Components

29.5.1 Generator

We used an automobile DC generator with voltage rating of 12 V and rated current
of 50 A (Fig. 29.9). We gave it a real test by chucking it up in a drill press and con-
necting it to a dummy load. It works great giving output power of some hundred
watts with this setup. We knew then that if we could make a decent set of blades to
drive it, it would produce plenty of power.

29.5.2 Charge Controller (Cutout)

The general principle behind the charge controller is that it monitors the voltage
of the battery and either sends power from the generator into batteries to recharge
them or dumps the power from the generator into a secondary load if the
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Fig. 29.9 Used
automobile DC generator

batteries are fully charged (to prevent overcharging and destroying the batter-
ies). We used the controller model New-Era AVR-811, 12 V. All loads are taken
directly from the battery. If the battery voltage drops below 11.9 V, the control-
ler switches the turbine power to charging the battery. If the battery voltage rises
to 14 V, the controller switches to dumping the turbine power into the dummy
load.

29.5.3 Inverter

We selected a 500 W inverter of 12 V DC to 210-230 V AC.

29.6 Wind Turbine Tests

We have performed the following tests on the built wind turbine (Fig. 29.10):

Test 1: The wind turbine is operated without the gearbox at low speed. Output volt-
age is around 3 V.

Test 2: The wind turbine is operated with gearbox; we notice that the output voltage
has increased to 11-13 V.

Test 3: The wind turbine is operated without cutout, and we have an output voltage
of 18 V (Fig. 29.11); in this test we used a drill with 2800 rpm to show that the
voltage is increasing when the rotational speed of the rotor is increased.

Test 4: This test aims to examine the performance of charge controller (cutout). It
shows that the output voltage to the battery is between 12.5 V and 13.5 V and
the voltage at inverter input is between 12.5 V and 13 V. The cutout output volt-
age has been set to protect the battery from a voltage that is higher than 13 V
(Fig. 29.12).

Test 5: The WT has been operated by with three blades and with five blades, and we
found that the five-bladed WT gave 30% more output power for the same wind
conditions, and it worked with less noise.
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Fig. 29.10 The built wind
turbine

|

Fig. 29.11 Output voltage
reaches 18 V

Fig. 29.12 Voltage
limitation after cutout
connection
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29.7 Economic Analysis

The capital cost of the project is shown in Table 29.1.

389

The levelized cost of electricity (LCOE) [USD/kWh] delivered by the wind

turbine is given by [4, 13]:

LCOE (Capital cost x equity annual return)+ (O & M cost)
- Actual energy delivered per year
389%(20% )+389%(3%
Leog = 280X(20%)+389x(3%) _ 16 USD 6 enrs ricwh
1955KWh / year kWh

The estimated payback period is:

389

——— =433 years
0.046x1955

29.8 Future Work

Future modifications and enhancements we would like to make to the system

include:

e Mount the electronics in a weather-proof enclosure.

e Add meters to monitor battery voltage and charge/discharge current.
e Add a tachometer so we know how fast it is spinning.

* Add more batteries to increase reserve storage capacity.

Table 29.1 Total cost of the Equipment

project DC generator
Battery
Tower
Inverter

Charge controller
Iron conduits

PVC pipes for blades
Wiring

Gearbox

Bearing

Misc. pipe fittings
Labor

Total cost

Cost (USD)
41
54
30
35
21
14
13
11
22
13
35

100

389
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* Add a second wind turbine or solar panels to increase power production.
e Get a higher-capacity inverter.

* Some control to automatically brake the unit in high winds.

e A taller tower with steel stakes and steel guy wires.

29.9 Conclusion

The outcome of the performed work is designing and building a home-sized stand-
alone wind turbine (WT) using second-hand materials. The built WT is designed to
deliver 161 kWh monthly. It is found that a five-bladed WT outperforms a three-
bladed one in two features: less noise and around 30% more output power. The
developed five-bladed wind turbine is working well, and it could be used in any
place as a stand-alone system for cheap electricity supply. The performed economic
analysis of the system shows that the levelized cost of energy (LCOE) is about 4.6
USD cents/AC kWh, and the payback period is about 4 years.

The constructed wind turbine from used materials would be an attractive demon-
stration project of renewable energy, which will encourage the use of stand-alone
wind generation in unserved areas in developing countries.
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Chapter 30
RenovaBio Opportunities and Biofuels
Outlook in Brazil

Fernando Henriques Salina, Isabela Aroeira de Almeida,
and Felipe Ribeiro Bittencourt

30.1 Introduction

In 2015 Brazil committed to the Paris Agreement and defined the specific goals in
its Nationally Determined Contribution (NDC). Brazil committed to reduce its
greenhouse gas emission (GHG) by 43% below 2005 levels in 2030 [1]. In the trans-
portation sector, Brazil has defined to increase to 18% the share of biofuels on
energy matrix. With this goal in mind, the Brazilian government has created the
RenovaBio.

RenovaBio’s program has already been approved; however, at this moment it is
under technical validation. It promotes biofuels by their energetic environmental
performance, measured by a life-cycle approach. Therefore, each biofuel type
receives a different grade for its sustainability. The Biofuels Decarbonization
Credits (CBIO) is generated by the difference between fossil fuel CO2e emission
(baseline) and its biofuel substitute. The higher this difference, the more CBIO
could be issued and commercialized. With the CBIO, producers can reduce the
production costs and develop new technologies to improve the process and the
environmental performance. However, the real impact of RenovaBio on the new
and current technologies is still uncertain. By these means, the goal of this work is
to evaluate the possible impact of RenovaBio on biofuel production cost and to
conclude on the viability of current and future biofuels technologies.
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30.2 Context

30.2.1 Biofuels Production

Brazil is the second biggest producers of ethanol in the word, seconded only to the USA
[2]. The Brazilian ethanol production technology was boosted by Pro-Alcool program
in the 1970s. In Brazil, fuel ethanol has two main destinations: for gasoline blend and
direct for gas stations. Currently, Brazil has a blend mandate of 27% volume of anhy-
drous ethanol in the gasoline sold in every gas station. The hydrated ethanol is sold
without blends and is mainly used by flex-fuel cars (cars that accept both gasoline and
ethanol or any mixture of these). As showed in Fig. 30.1 from 2007 to 2010 the hydrated
ethanol production and consumption presented growth. However, after these years the
consumption of hydrated ethanol started to decrease. On the other hand, the anhydrous
ethanol production and consumption have continued to grow during the last decade.

The profile presented by Fig. 30.1 indicates that gasoline consumption was
growing too, as the anhydrous ethanol is only used blended into gasoline. This also
indicates that gasoline was a more profitable fuel than ethanol after 2009. The main
reason for this was the low oil price delivered by the global economic crisis. By 2009
oil price reached US$ 30.28 per barrel, which was quite low compared to the current
USS$ 80 per barrel [4].

Ethanol last decade
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Fig. 30.1 Ethanol production and consumption in the last decade [3]
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Fig. 30.2 Implementation, retrofitting and closing ethanol mills in the last decade [5]
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Fig. 30.3 Brazilian biodiesel production in the last decade [3]

As result of the oil price in 2008/2009, many ethanol mills started to close during
the 2008/2015, as presented in Fig. 30.2. This shows the actual ethanol scenario in
Brazil, a production stagnation. However, some main ethanol producers, such as
GranBio and Raizen, are leading developments on sugarcane production and the
second generation. Such advances could lead to a real reduction on price and also
reduce environmental impact during ethanol life cycle.

In the last decade biodiesel production has increased drastically Fig. 30.3. The
majority of biodiesel produced in Brazil is used to compound the diesel mandatory
blend [3]. Currently, regular diesel blend uses 8% of biodiesel in its composition.
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It is expected that the percentage will rise to 10% in 2019, indicating a real production
increase [6].

Brazil is not self-sufficient to produce diesel. In 2016, Brazil imported around
5.9 billion litres of Diesel [3]. Such dependency and volatile oil prices present risk
for Brazil. However, it is also potential opportunity to increase biodiesel percentage
on Diesel and gives Brazil a local market security.

30.2.2 RenovaBio Description

In Brazil, fuels are produced in petroleum refineries, ethanol mills and other fuel
plants. After production, biofuels are sold to fuel distributors and then resold to gas
stations. RenovaBio’s mechanism proposes that each fuel distributor must have
decarbonization goals based on their market share. The individual goals are part of
Brazilian national’s goal to increase the participation of renewable fuels in transpor-
tation sector (Brazil has committed to this specific goal on the Paris Agreement).
Each fuel distributor will have to prove a specific quantity of Biofuels Decarbonization
Credits (CBIO) to prove that they are meeting decarbonization goals.

CBIO are a financial asset, negotiated in the stock market, emitted by a biofuel
producer [7]. The CBIO is generated by the difference between fossil fuel CO2e
emission (baseline) and its biofuel substitute. The higher this difference, the more
CBIO could be issued and commercialized. Figure 30.4 shows a general mechanism
for RenovaBio and CBIO emission and acquisition flow.

RenovaBio intends to improve the environmental performance of biofuels by
giving different energetic environmental grade for each producer. As the producers
have different efficiency through the life cycle, the one who has a better perfor-
mance will have the best energetic environmental grade. The higher the note,
the more CBIO producer could generate. The energetic environmental grade is
measured by a life-cycle assessment (LCA) framework, named the RenovaCalc.

Fuel distributors E‘I

Fuels selling

Producers and

imports

$$

Gas station

©®
CBIO 4\\\ CBIO
$$ Emission Acquisition $$

/./
o8

Stock Market

Fig. 30.4 RenovaBio simplified mechanism



30 RenovaBio Opportunities and Biofuels Outlook in Brazil 395

The RenovaCalc is on public technical validation and considers only few biofuels
(such as sugarcane ethanol and soybean biodiesel). The energetic environmental
grade will be certificated by three parts to assure the authenticity [7].

CBIO selling increases revenue, so the government expects to increase the
biofuel participation on transportation matrix. At a first moment, the biofuel pro-
ducers could use increased revenue from CBIO to increase the efficiency of their
process to improve carbon emission and reduce losses, strengthening the potential
to generate more CBIO. In the ethanol sector, the RenovaBio program could lead a
development on second-generation technology. For biodiesel, RenovaBio could
attract more investor by showing the need to increase the biodiesel production in
the next few years (with the percentage raise on diesel blend) and the potential to
generate an extra financial asset.

30.3 Methodology

30.3.1 Financial Projections

To conclude on the financial impact on biofuels, two macro variables were consid-
ered: the CBIO price (CP) and the biofuel production cost (BPC). From these two
variables, it is possible to imply which type of biofuel will be more cost-effective.
This study considers, if the producers generate CBIO, there will be a reduction on
the biofuel production cost. By these means, the biofuel apparent cost (BAC) can be
calculated by Eq. 30.1.

BAC = BPC—CP (30.1)

The present study considers 11 different cases for the CBIO price (CP), as showed
in Table 30.1. The partial economic model (economic model that considers a con-
stant price of all products to estimate the price of a specific one) was used to calcu-
late CBIO prices. The model considers aspects of the fuel structure in Brazil (such
as price, tributes, emissions) and three variables: the oil price, efficiency gain in
biofuel production and the level of decarbonization in transportation sector. More
details about the premises and the mathematical model to estimate the CBIO price
can be found at RenovaBio technical note [7].

The biofuels production cost (BPC) considers all expenses from farming to
industrial phase. In this study, five different biofuels were considered as showed
by Table 30.2. Table 30.2 also shows the production cost for these biofuels.

The price of corn ethanol was considered the same as sugarcane ethanol, and fuel
taxes were not considered in this study. The taxes applied to biofuels and fossil
fuel are different in Brazil, so, in order to avoid misinterpretation, none were
considered.
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Table 30.1 Cases and premises adopted to estimate the CBIO price [8]

Case | Oil price (US$/barrel) | Productive efficiency gain | CBIO price (US$/ ton of CO,e)
1 20 0% 53
I 20 10% 42
11 20 20% 32
v 20 30% 20
\% 40 0% 36
VI 40 10% 24
VII 40 20% 14
vl |40 30% 3
IX 60 0% 19
X 60 10% 7
XI 60 20%

Table 30.2 Production cost for biofuels in Brazil [9, 10]

Fuel Feedstock Production cost (R$/L) Reference
Hydrated ethanol Sugarcane 1.159 [9]
Hydrated ethanol Corn 1.159 [9]
Ethanol second generation Sugarcane bagasse 1.528 [9]
Biodiesel Tallow 1.247 [10]
Biodiesel Soybeans 1.247 [10]

30.3.2 Carbon Footprint

The less biofuel carbon emitted during its life cycle, the more CBIO the producers
can generate. By these means, biofuels with better environmental performance will
have more advantages according to RenovaBio’s premises. To measure the quantity
of CBIO that each biofuel can generate, it is necessary to know the energetic
environmental grade. It is calculated by the difference between fossil fuel CO2e
emission (baseline) and its biofuel substitute.

This study evaluates the CBIO cost impact on five different types of hydrated
ethanol and two types of biodiesel, as showed in Table 30.3. Table 30.3 also presents
the carbon footprint of each one of the biofuels and fossil fuels. The energetic envi-
ronmental grade was calculated based on the GHG emission difference between
fossil fuels and biofuel. For example, gasoline GHG emission through the life cycle
is 87.4 g CO2e/MJ and for hydrated ethanol I is 21.3 g CO2e/MJ; the difference
between the emission of these fuels is 66.1 g CO2e/MJ, which is equivalent to the
energetic environmental grade.

To convert the energetic environmental grade into fuel litres, the density and
lower heating value (LHV) were used. The value for density and LHV used for
ethanol and biodiesel are presented in Table 30.4.
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Table 30.3 Biofuels carbon footprint and energetic environmental note [7, 11-14]

GHG emissions | Energetic environmental

Fuel Feedstock (gC0O2e/MJ) grade (gCO2e/MJ) Reference
Hydrated ethanol I | Sugarcane 21.30 66.10 [11]
Hydrated ethanol II | Sugarcane 14.87 72.53 [12]
Hydrated ethanol Corn 53.80 33.60 [12]
Ethanol second Sugarcane 7.55 79.85 [13]
generation bagasse

Biodiesel Tallow 14.14 72.36 [14]
Biodiesel Soybeans 30.73 55.77 [14]
Gasoline - 87.40 - [7]

Diesel - 86.50 - [7]

Table 30.4 Density and Fuel Density (kg/m*) | LHV (kcal/kg)
LHV for ethanol and Ethanol 309 6300
biodiesel [3] T

Biodiesel (B100) | 880 9000

1.60
1.40
1.20
1.00
0.80
0.60
0.40
0.20
0.00

BAC (R$/L)

® Hydrated ethanol - sugarcane | (R$/L)

® Hydrated ethanol - corn

(R$IL)

| 1l ] IV \% \ Vil

Case

VI IX

Xl

X

® Hydrated ethanol - sugarcane Il (R$/L)

m Ethanol 2 generation (R$/L)

Fig. 30.5 Ethanol apparent cost for different CBIO price

30.4 Results

30.4.1 Impact Projections on Brazilian Biofuel Scenario

Figure 30.5 shows the apparent cost to produce ethanol considering different types
of ethanol and CBIO prices. Case I considers the maximum CBIO price, US$ 53.00,
and Case XI considers null, the lowest in this case (Table 30.1).
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Fig. 30.6 Biodiesel apparent cost for different CBIO price

In Case I, it is possible to see that the sugarcane ethanol II has the lowest price
between the four types presented (R$ 0.86 per litre). The sugarcane ethanol (I and
II) has low carbon emission during its life cycle. By these means, the cost reduction
was more significant when compared to corn hydrated ethanol. Currently, the price
to produce second-generation ethanol is R$1.53 per litre. In Case I, second-generation
ethanol presents the higher reduction on production cost (R$0.33 per litre), as this
fuel has the best environmental performance. However, the production cost of
second-generation ethanol is higher than hydrated ethanol in baseline. It means that
for the second-generation ethanol to become more attractive, a reduction on produc-
tion will be necessary; in other words, RenovaBio cannot be the only reason to scale
up the second-generation production.

Figure 30.6 shows the apparent cost to produce tallow and soybean biodiesel con-
sidering different CBIO prices. Tallow biodiesel has lower GHG emissions as during
its life cycle it presents the biggest reduction. The meat industry produces tallow as
subproduct, and it has more than one destination (cosmetics and laundry applica-
tions). RenovaBio could potentialize the viability to produce tallow biodiesel,
diversifying the products portfolio. On the other hand, the soybean biodiesel still
has space to increase its production. As tallow is a subproduct from meat industry,
its production has limit to grow, different from soybean.

30.5 Conclusion

It is safe to say that RenovaBio will benefit Brazilian biofuel producers. It also
important that producers notice which better environmental performance will have
more competitive advantages. Second-generation apparent cost production could be
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reduced by almost 0.33 R$/L in Case I. Although second-generation ethanol has the
best potential to generate CBIO, the current production price is still high. These
means, new technologies and advances in this route will be necessary to reduce sec-
ond-generation ethanol production cost. As biodiesel (independent of the feedstock)
has a low carbon footprint, which gives this fuel a potential production expansion in
the next decades. By the means, RenovaBio will have a positive impact on biofuel
sector; however, efforts to improve biofuel technologies are still necessary.
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Chapter 31

Evolution of Photovoltaic-Thermal Hybrid
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31.1 Introduction

Major concerns on energy security, impact on environment and sustainability of
high world oil prices support have allow human race to expand the use of nuclear
power and renewable energy sources (RES) over the projection. Nevertheless, due
to nuclear disasters at Fukushima Daiichi power plants on 11 March 2011, public
became aware of the benefits of RES towards the environment [1]. It has attracted
both academic and industrial communities’ attention. The importance of promoting
this alternative energy also was increasing ever since.

The strategic location of Malaysia at equator line allows the implementation of
solar energy widely. In the Solar Energy Research Institute (SERI), a variety of
research and developments have been undertaken experimentally and theoretically.
The main research purpose is to increase the electrical gain by reducing the tem-
perature of solar cells. This is due to evidence reported that an increase of 1 °C on
solar cells dropped the electrical efficiency by 0.4-0.5% [2]. Figure 31.1 shows the
flowchart of PV/T systems that has been built in SERI, UKM, since the early 1980s.

The objective of this paper is to present an overview of PV/T systems which have
been under research activities by SERI, Universiti Kebangsaan Malaysia (UKM).
This paper also describes our experience in introducing the system for cottage
industry in Malaysia.
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Fig. 31.1 Flowchart of PV/T systems built in SERI, UKM

31.2 Experiments Conducted

31.2.1 Double-Pass PV/T Air-Based System

The construction of the double-pass PV/T system comprised of three essential com-
ponents: a glazing on the top, a series plate of photovoltaic (PV) cells and an
absorber plate. Three distinguished double-pass PV/T systems have been set up in
SERI: (a) fin collector, (b) fin-CPC collector and (c) bifacial collector.

31.2.1.1 Double-Pass PV/T Collector with Fins

The ideal setup of fin collector is shown in Fig. 31.2. In order to enhance heat
absorption on PV cells, the vertical fins which were made from aluminium sheet
were attached underneath the cells and act as heat extractor. The inlet heated air
flows from upper channel to the lower channel. The effort of the idea increases the
efficiency of the collector.

31.2.1.2 Double-Pass PV/T Collector with Fins and CPC

As pictured in Fig. 31.3, the concept of the collector (fin-CPC collector) was much
similar to fin collector with addition of compound parabolic concentrator (CPC). It
functions on focusing the sunlight received on its surface before the rays hit solar
cells. The multiple reflections occur on CPC that allows the absorption of photon
energy on PV cells which was converted to electrical energy. Thus, it yielded an
increment of electrical production, and the efficiency of the overall system was
improved [3].
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PV cell Glass cover

Finr

Insulator Absorber plate

Fig. 31.2 The schematic diagram of double-pass PV/T collector with fins [11]
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Fig. 31.3 The schematic diagram of PV/T collector with fins and CPC [3]

31.2.1.3 Double-Pass PV/T Collector Using Bifacial Solar Cells

The configuration of this collector depicted in Fig. 31.4 is similar to the previous
two designs mentioned earlier. By using bifacial solar cells, the collector (bifacial
collector) was capable to absorb photon energy from the top as well as the bottom
surface. This invention generates up to 90% more electric energy compared to
mono-facial module [4]. Furthermore, due to wide space at the rear surface, the
bifacial collector was able to absorb less infrared solar radiation. Eventually, the
system operates at lower temperature, and higher electrical efficiency was achieved.
A packing factor of 0.7 has been used so that the incident radiation can travelled
through the panel reflector by the back reflector. The thermal efficiency was
between 50% and 70% for a flow rate of 0.03-0.14 kg/s and solar intensity of
500-900 W/m?>.



404 M. Y. Hj. Othman et al.

Fig. 31.4 The side view of 1( Glass
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Fig. 31.5 The schematic diagram of single-pass V-groove collector [5]

31.2.2 Single-Pass PV/T Air-Based System

The early study of the single-pass collector was conducted as an alternative use of
solar energy for drying processes. It was also to defeat the setback drawn by glaz-
ing double-pass collectors which caused deficiency of electricity production by
more than 50% [5]. The configuration of the collector allows the air to flow in one
direction through the absorber. The single-pass PV/T systems that have been tested
in SERI are (a) V-groove absorber, (b) rectangular absorber and (c) honeycomb
absorber.

31.2.2.1 Single-Pass PV/T Collector with V-Groove Absorber

The aluminium sheet was folded to form a V shape at an angle of 50.8°. It then was
combined together upside down and attached on top of the flat aluminium plate.
This construction allows heat to be transferred uniformly throughout the absorber.
The PV module was exposed to sunlight with no glazing resulting in an optimum
electrical energy conversion. The conceptual design of the collector is presented in
Fig. 31.5.



31 Evolution of Photovoltaic-Thermal Hybrid Solar Technology for the Tropics... 405

31.2.2.2 Single-Pass PV/T Collector with Rectangular Tunnel Absorber

The function of this collector (rectangular collector) serves the same purpose and
operation as V-groove collectors. The innovation made was replacing the V-groove
with an aluminium-made rectangular tunnel absorber to flow out the absorbed heat
in the tunnel effectively. The diagram is referred at Fig. 31.6.

31.2.2.3 Single-Pass PV/T Collector with Honeycomb Absorber

The absorber of this PV/T collector (honeycomb collector) was using a honeycomb
shape with regular hexagonal geometry. The heat exchanger was made by local
aluminium sheet and shaped into corrugated sheet. The set of joined sheet was then
placed at the back side of PV panel as shown in Fig. 31.7. The operational system
of the collector was also met the same as V-groove collector.

Solar photovoltaic
k

Fig. 31.6 The schematic diagram of PV/T rectangular tunnel collector [2]

Honeycomb absorber  Photovoltaic module

S A )

2620205026200

Aluminum sheet Heat insulator

Fig. 31.7 The schematic diagram of PV/T honeycomb collector [6]
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Fig. 31.8 The schematic diagram of PV/T water-based system: (a) direct flow, (b) serpentine flow
design, (c) parallel-serpentine flow design, (d) modified serpentine-parallel flow design, (e) oscil-
latory flow design, (f) spiral flow design and (g) web flow design [7]

31.2.3 PV/T Water-Based Collector

The principle of PV/T water-based collector is identical with single-pass PV/T air-
based collector. Without glass cover, a flat plate PV module was exposed to sunlight
[7]. Heat was extracted by water which flows underneath the module through vari-
ous designs of tube channel. Figure 31.8 shows the design of seven water-based
absorbers studied.

31.2.4 PV/T Nano-Fluid-Based

A PV/T nano-fluid-based system run in SERI was conducted under three different
absorbers, round tube, square tube and rectangular tube, with three different types
of nano-fluids: SiO,, TiO, and SiC. The operation of the system still follows the
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Fig. 31.9 Schematic diagram of PV/T Combi [10]

same rules as PV/T water-based collector [8]. In general, nano-fluids possessed bet-
ter and higher thermal properties compared to water and air. By using nano-fluids as
the medium of heat exchanger, the overall performance of the system was improved
especially on the electrical efficiency.

31.2.5 PV/T Combi System

PV/T Combi system is a system combining two fluids operating in one unit. Two
designs of double-pass PV/T Combi system were being studied at SERI: (a) PV/T
Combi, air and water using CPC and Fresnel lens, and (b) PV/T Combi, air and
nano-fluids using CPC. The system can be operated by single mode or dual mode
depending on the application needs [9]. Figure 31.9 depicted the schematic diagram
of the system.

31.3 Results

All PV/T systems at SERI were tested experimentally and theoretically. The experi-
ment was done either in indoor under controlled parameter environment or outdoor
with real-condition environment. The parameters under studied include the mass
flow rate of the fluid, solar radiation, wind speed, length of collector and concentra-
tion of nano-fluids. The prototype of PV/T system has also been applied for cottage
industry especially for drying processes. Table 31.1 summarizes the electrical and
thermal performance of each PV/T system discussed in the earlier section at the
variation of mass flow rate and solar intensity.



M. Y. Hj. Othman et al.

MOJJ ITe ‘X[ DIS o
LYSSTIIYT o PIEI-IOTL MO DIS XY Iy o
ILLSTITYC Y CI=68° 11 - %I G'0 DIS-11V  (q)
(@ (@ §C°0—8L00°0 Mmop Ire Xy COLL, .
8I'LY=6S°LE o €0 118801 » ‘Sping-oueN MO[J OLL XY IIY o
I[eSe—16°LE - CECI=68'I1 = 8¥C1'0—010°0 %M G0 “OLL-1Y (®)
(®) (®) 0SL Ay 011 DdD Wi 1quo) I/Ad | '8
¢ST0'0—1¥8800°0
JI9JRM MO IR ‘X1 19Jep\ (Qq)
8€°GE-S0SH (Q) 0T €1-06Cl () £0°0—¥900°0 Mmop 1ajem Xy Iy ()
6L°0v—L0'8Y () Trer—ceel (® 059 Ay ‘[6] sudT [ausa1g pue DD WM Iquo) [/Ad | L
%M 1 DIS (9)
88'69-17'89 (©) LOE1-CSEl () %I 1 SOl (@)
L9°€9-€6'99 (Q) 8S°01-L6'01 (@) %M 1°01S ()
¥$°09-€6'S9 (®) 60°01-0€01 (®) 0001 | 89°0—L1°0 -sping-oueN {[8] paseq-pmp-oueu I/Ad| 9
Mo QM (3)
LOSIT'TH (B) 16 T1-L£CT (3) noy [exdg  (3)
19%$-00°Sy () 10€I-18°¢€1 () Moy KI0TE[[1SO (2)
TUprL1'LE (9) 1TeTI=LL11 ) noy [efrered-sunuadios payIpoN (p)
86'1S—Ceer (P) €9'c1-szer (p) mop sunuadres-farereq (9)
cres—ecyy (9 cTeI-08cl (9 moy aunuadiog (q)
6£ e 6T (A 01'CI-89'11 (@) nmop 11 (8)
EIvS—€ror () 61°C1-69C1 (®) 008 [70°0—110°0 1918\ [L] paseq-1o1em J/Ad | °S
[9] 19g10sqe qUIOOASUOH (D)
c1'68-ccoe (9 ST'L=56'9 (0 [¢] 1eqIosqe ren3ueIoay (q)
00'8L-00"LT (Q) L8'9¥6'9 (q) [6] 10q108qE 240015-A ()
LY'LL=L6'6T (®) Y0'L=SO°L (®) 88 S1'0—¢0°0 -1V ‘paseq-Tre J/Ad ssed-o[surs |y
00°0L-00°0¢ 00'71-00°I1 S6 P10-€0°0 211V | [¢] 1190 2e10S [eroeyiq yim peseq-re /A ssed-a[qno | ¢
SYCO-LTLE €S I-LT T 00L 6¥711°0—¢800°0 -1V [€] DO pue suy yim paseq-ite J/Ad ssed-o[qnoq| g
€7'9C-00°L1 60°CI-0S°01 00t 91€0°0 -1tV [11] suy yim paseq-1e [/Ad ssed-ojqnoq | [
(%) "l (%) "l (W/M) (s/3%) wsks I/Ad | T
K)ISudjuLIe[0S | PINY JO JeI MOY SSBIA

408

TIES ur Apmisiopun wajsAs /A JO oduewiojrod '€ dqeL



31 Evolution of Photovoltaic-Thermal Hybrid Solar Technology for the Tropics... 409

31.4 Conclusions

Numerous designs of PV/T collector done in SERI had been described briefly in this
paper. The working principles of the collectors were different based on its own spe-
cific way of harvesting solar energy to be converted to electrical and heat energy.
However, the objective of the study meets the same goal which is to increase elec-
tricity production and to improve the overall system performance. The application
of each collector also varies to heating and drying purposes. Research and develop-
ment done at SERI have open many opportunities in terms of knowledge transfer,
innovation ideas as well as mature PV/T technology.
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Chapter 32

Feasibility Study into Design, Development
and Testing of an Indirect Multi-Rack
Solar Dryer for Agricultural Products

Check for
updates

Hossein Mirzaii and Juan Pablo Nojek Barbieri

Nomenclature

A, Collector area, m?

C, Specific heat at constant pressure, kJ/kg °K

d Mass of the dry matter in the sample, kg

g Acceleration due to gravity, 9.81 m/s?

h Height of hot air column, m

1 Insolation incident on the absorber’s surface, W/m?
Iy Total solar radiation incident on the top surface, W/m?
L Latent heat of vaporization of water, kJ/kgino

m

Mass, kg
m, Mass of drying air, kg
m, Mass of air leaving the dryer per unit time, kg/s
m; Initial mass of the product to be dried, kg
M, Initial moisture content wet basis, %
M, Final moisture content wet basis, %
m, Mass of water removed from product, kg
MC Moisture content
oS Open sun
P Pressure, Pa

Q. Useful energy gained by collector, W

Q. Useful energy gained by collector, W

Qcona Conduction heat losses from the absorber, W
Qconw  Convective heat losses from the absorber, W
o Heat losses of the absorber, W

0, Heat gained by the air, W

QRrad Radiation heat losses from the absorber, W
Orey Reflection losses from the absorber, W

R Universal gas constant, 8.3 kJ/k mole K
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T Temperature, K

T, Ambient air temperature, K

T, Temperature of the collector’s absorber, K

T; Initial temperature of drying air, K

T; Final temperature of drying air, K

U, Overall heat transfer coefficient of the absorber, W/m?K
\% Volume, m?

w Mass of the wet product, kg

a Solar absorptance of the absorber

P Density of air outside the dryer respectively, kg/m?
P2 Density of air inside the dryer, kg/m?

Ne Efficiency of the collector, %

N4 Drying efficiency, %

R Reflection coefficient of the absorber

T Transmittance of the glazing cover, W/m?

T, Drying time, s

32.1 Introduction

These days, small farmers use sun-drying techniques to dry harvested crops in order
to preserve the excess of production. This procedure is used especially in small to
medium scale for domestic or commercial use. It is estimated that, in developing
countries, more than 80% of the food produced by small farmers is dried with this
technique [1]. The method consists of a large surface outdoors where the product is
spread, normally on the ground or on trays, and left there to dry until the product
reaches the desired content of moisture. Regularly, during the day, the product has
to be turned over to improve the efficiency and homogeneity of the drying. Even
though this method requires a low capital investment, the drawbacks are many, con-
sidering that the drying times may take from 10 up to 30 days. During this period
the food is exposed to dust, rain, insects and other animals [2]. These are the reasons
why the rate of loss food is very high.

32.1.1 Drying Principles

The objective of the drying process of a product is to reduce its content of moisture
to a certain level that would prevent its deterioration. During this process there are
actually two processes taking place. One that involves a heat transfer from the heat-
ing source to the product, and the other one that involves a mass transfer of mois-
ture, first from the interior of the product to the surface and then from the surface to
the air.

At this point it is important to introduce the two drying rate regimes that take
place in agricultural products when they are heated [2, 3], as shown in Fig. 32.1:
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* Phase I, the moisture of the surface is evaporated. This phase occurs in a constant
rate until there is enough water (saturated moisture) at the surface.

e Phase II, the internal moisture is transferred to the surface, which is not vapour-
saturated, and subsequently evaporated. The rate in this period falls and the dry-
ing stops when the partial pressure of the vapour in the solid equals the one in the
surrounding air. Usually, this second phase is divided into two stages. The first
period that involves the drying of the unsaturated surface, and the second one
that involves the moisture diffusion to the surface.

While phase I depends on the ambient conditions, such as pressure, temperature,
air flow and humidity and exposed surface’s area, phase II depends on the product’s
physical characteristics, its diffusion rate and content of moisture.

Finally, the drying process stops when the rate of moisture desorption from the
product to the environment and absorption from the environment are in equilibrium.
At this condition the product contains the equilibrium moisture level [4]. At this
point the vapour pressure of the moisture in the product equals the vapour pressure
of the drying air. If the two vapour pressures are not equal, the product will lose or
gain moisture [35, 6].

32.1.2 Aim of the Project

This project is going to be focused on the advantages of using a renewable source of
energy in the process of drying agricultural products. Solar dryers give people the
possibility to dry their own food or replace traditional drying methods (sun drying)
that are used in small villages and communities.

The aim of the project is to design, develop and test an indirect, passive (natural
circulation) solar dryer, specifically thought to dry fruits, vegetables or grains.
Additionally, the intention of this project is to promote an affordable and easy-to-
build solar energy dryer.

Fig. 32.1 Drying rate
curve
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This kind of technology will bring benefits to people who don’t have access to
more advanced technologies due to economic or energy source limitations. Their
benefits will be in terms of sanitation, duration of the drying process, access to an
affordable new technology and the possibility of preserving food.

32.1.3 Objectives

The main objectives of this work are:

* To elaborate the design of a natural-convection distributed-type solar energy
dryer, to be used with different agricultural products in a small scale.

* To conduct the construction of the designed solar dryer.

* To conduct the drying experiment with the sample product of bananas and anal-
yse the outcome results.

* To compare the experimental results with a simulation model carried out in other
project by the use of Computational Fluid Dynamics (CFD) analysis based in the
same design.

e To compare the results with traditional ways of drying food and detect the ben-
efits of using this model.

32.1.4 Scope

For the design of the solar dryer, the project was based on other designs reported
previously [7] and some modifications were done to achieve a comprehensive and
more affordable design.

For the construction and testing of the solar dryer the facilities of the Kingston
University Laboratories were used and the authors of this project conducted the
required activities.

The results of the experimental tests were compared to a computerized simula-
tion using CFD analysis. This simulation was part of a separate project that went
together at the same time, conducted by Ali El Hammoud [8], which was based on
the same design of solar dryer.

32.2 Materials and Methods

32.2.1 Approaches to the Design

The energy balance is obtained by equating the total heat gained by the absorber and
the total heat that it releases. This can be defined by [9]:
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I Ar = Quseful + QCond + QConV + QRad + QRef (32 1)
The insolation received by the absorber can be expressed in terms of the total
solar radiation (/) that reaches the top surface and is transmitted (z) through the
glazing cover. Additionally, the heat loss terms (conduction, convection and radia-
tion) are frequently combined into one single term (Q;), giving the following
expression:
TA =11, A =0,+0, +Q.; (32.2)
If reflective losses are:
Ore =RTI; A
Then, if o =(1-7R),Eq. 32.2 can be reformulated as:
0, =(a r)IT A -0, (32.3)
It is usual to express Qy, as:

QL = UL Ac (T:‘ - Ta) (324)

Giving the following expression for the useful energy (Q,) gained by the
collector:

0, ~(at)I, 4,~U, A (,T,) (25

32.2.1.1 Moisture Content (MC)
The wet basis moisture content of the product is given by:

w—d
w

MC = x100 (32.6)

where the term w — d is the moisture loss during the process.

32.2.1.2 Energy Balance of the Drying Process

The drying process involves the migration of water from the interior of the product
to its surface, followed by evaporation of the water from the surface to the air in the
chamber. The energy needed to complete this process is equivalent to the latent heat
of evaporation of water (L) and it comes from the air, which was heated throughout
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the collector. Thus, the energy to evaporate the water equals the heat lost by the air,
and this is expressed as:

m,L=m,C,(T,~T,) (32.7)
The amount of moisture to be removed (m,) from the product is calculated by:

m, =m, (M, -M,) (32.8)
(100- M)

32.2.1.3 Average Drying Rate (d,)

The drying rate is the amount of moisture removed from the food in a given time,
and is calculated as:

d =— (32.9)

32.2.1.4 Efficiency of the Collector (7.)

The thermal efficiency of the collector is defined asn c= M , therefore [10,
11]: Heat In
0,
= 32.10
Ne I, A, ( )
where Q, =m, C,(T,-T,)
32.2.1.5 Dryer Efficiency (1)
The dryer efficiency is expressed as [10, 11]:
__mL (32.11)

nd - IT AC Td



32 Feasibility Study into Design, Development and Testing of an Indirect Multi-Rack... 417

32.2.1.6 Air Pressure Difference (AP)

The difference in pressure across the product will be due to the difference between
the air density inside the dryer and the ambient air density.

AP=(p,—p,)gh (32.12)

Considering the gas law equation: PV=mR T

- (32.13)
PERT

32.2.2 Construction of the Distributed-Type Solar Dryer

For each part of the solar dryer a material have been selected, taking mainly two
considerations. The first one was its availability at remote locations. As stated, this
project aims to give rural communities the opportunity of building their own devices,
so its design and materials tries to maintain as simple and easy-to-find as possible.

The other consideration was the cost. As these types of dryers are used both with
home or commercial purposes, and especially in rural communities, materials were
selected trying to keep the lowest cost. Even though, without putting in compromise
the efficiency or increasing the maintenance costs due to deterioration.

Figure 32.2 shows the design that was selected for the distributed-type solar
dryer, and the materials for each component are shown in the exploded view of the
solar dryer in Fig. 32.4.

Casing: The alternatives that were evaluated to use for the main structure (sides,
walls, door and chimney) were Plywood and MDF. Finally, it was constructed using
18 mm thick non-structural hardwood plywood, mainly because:

e Wood is a poor conductor and will reduce losses from sides
(Kpiywooa = 0.1154 W/mK).

e Has better response to screw holding in time, reducing maintenance works.

e Has better performance than MDF under moisture conditions.

* Has similar density than MDF (p,,y,00¢ = 700 kg/m3).

e Doesn’t contain urea formaldehyde, as MDF does. This makes it less risky when
cutting, as this chemical may be released from the material.

Glazing Cover: This component was selected in between glass, acrylic, and
polycarbonate. In this case, a 6 mm thick transparent polycarbonate sheet of 0.85 m?
area was chosen mainly because:

* Less likely to chip and high impact resistance.
* High transmissivity, better than many glass (Z,oxcarbonae = 89 % ).
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Fig. 32.2 Sectional view of the solar dryer and its components

 Lighter than glass and acrylic (pponcarponare = 1200 kg/m3).
¢ Good resistance to heat.
e Easier to work with (drilling, cutting, less likely to break).

Absorber Plate: The heat absorber of the collector is a 550 mm wide x 1.55 m
long and 1.5 mm thick copper plate; it was sprayed with black enamel paint to
increase the absorptance. Table 32.1 shows some of the physical properties of dif-
ferent materials. Also, aluminium and steel have been evaluated as an alternative to
be used as absorber plates. Neither of them reached the performance and character-
istics that copper offered (Table 32.2).

Other Materials: Aluminium Angles to support the glazing. This helped to seal
the joints between the glazing and top of the collector.

Glass Mineral Wool Insulation beneath the absorber plate. A 10 cm loft insula-
tion layer was placed to reduce heat losses from the base (k = 0.044 W/mK).

Hinges and Handle for the dryer’s door.

Aluminium Mesh. The four rectangular trays were made with pine strip woods,
glued together and a 1 mm thick aluminium mesh was stapled to the frame to sup-
port the bananas. The top of the chimney was protected with the mesh to avoid
insects or animals entering the chamber.
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Table 32.1 Physical properties of other materials

Thermal Conductivity at Specific Heat Capacity | Thermal Diffusivity
Material 25 °C (k) (W/m K) (Cp) (KI/kg K) (a) (mm?/s)
Silver 420 0.23 165.6
Copper 401 0.39 111
Gold 317 0.13 127
Aluminium | 237 0.91 97
Steel 43 0.51 11.7
Stainless 16 0.5 4.2
Steel
Tabl.e 32-2 Design Parameter Value | Unit
specifications Solar Collector Area 0.85 m?
Air in Vent Area 0.0263 | m?
Air out Vent Area 0.0550 ' m?
Height of Air Column 1.89 m
Height of Air Inlet Above Ground Level | 0.15 m
Angle of Inclination of the Collector 30 o
Air Duct between Glazing and Absorber | 50 mm
Number of Trays 4 u
Vertical Distance Between Trays 140 mm
Thickness of the Sliced Bananas 4 mm

32.2.3 Costs

The total cost of the materials that were used for the construction of the solar dryer was
£471. This cost doesn’t include any tool or extra cost that the manufacturing could
present. The most expensive parts were: Copper sheet, £200, Polycarbonate sheet, £65,
and Plywood board, £46.5. In order to reduce these costs alternatively aluminium (£70)
instead of copper and 12 mm thick (£27) instead of 18 mm for the plywood could have
been chosen. Nevertheless, this would have worsened the performance of the dryer.

32.3 Experiment

32.3.1 Indoor Test

The distributed-type solar dryer was tested during five sessions (days) under two con-
ditions, with and without bananas on the drying shelves. The first two days, the test
was conducted to evaluate the performance of the solar dryer without products. Each
day, the solar dryer was exposed to 5 h of electromagnetic radiation through an
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artificial light source. Then, loaded with bananas in the drying chamber, the drying
process was carried out within the following three days during 14 h. Additionally, a
board with bananas was placed outside the dryer, simulating an open sun (OS)
drying.

The setup of the experiment is shown in Fig. 32.2. Figure 32.3 shows the place
where the parameters were recorded. These were: temperature, light intensity (solar
irradiation), air velocity and weight of the bananas. The light source system of 8 kW
was placed 40 cm apart from the solar dryer, giving an average irradiance of 760 W/
m?.

The first day, the light source was turned on and the parameters recorded after 15,
45 and 75 min to evaluate the warm up of the solar dryer. After this time, the dryer
reached a steady state. Once it reached this condition, the trays were introduced to
the drying chamber and every hour the parameters were recorded. For weighing the
bananas, each tray was weighed outside the dryer and reintroduced to its position
after taking the reading. When the session was over, the light source was turned off
and the trays left inside until the following day. To start the process again, the light-
ning system was turned on and the trays were taken outside the solar dryer until the
drying chamber has reached the new steady-state condition. From that point on the

Aluminium
Mesh

Plywood

Loft
o Insulation

Polycarbonate
Glazing

Aluminium
Angles

@

Copper Plate
(Black Enamel Paint)

Fig. 32.3 Parameters and place where recorded
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Fig. 32.4 Exploded view of the solar dryer

trays were introduced and every hour new readings were recorded. This same pro-
cedure was repeated for the third day until the end of the experiment.

32.3.2 Exterior Test

This part of the experiment was conducted during two sessions (summer days). The
solar dryer was only tested with bananas on the shelves and it has not been con-
ducted a no produce test during this part. The whole test was conducted throughout
8 h, during 3 h the first day and 5 the second one. The first day was partly cloudy;
therefore, the irradiance changed thus the temperature of the absorber. The second
day the sky was clear and this gave more stable readings.

The solar dryer was placed on a south-facing position where no shades from
other objects could reach the absorber. The procedure was similar to the one fol-
lowed for the indoor test, where the readings were recorded on an hourly bases. At
the beginning of the session, for both day one and two, the solar dryer was preheated
under sun exposure during 1 h, until it reached a steady state temperature. After this,
the trays containing the bananas were introduced to the drying chamber.
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32.4 Results and Discussions

32.4.1 Indoor Results

Figure 32.5 shows the variation of the temperatures throughout the experiment at
different trays (1-4), chimney and ambient conditions. The horizontal axis shows
the warm up period (0:00-1:00) and the drying period (0:00—14:00).

From this chart it is observed that the ambient temperature remains almost con-
stant throughout the experiment, while inside the drying chamber the variation is
bigger. During the first day, it is observed a drop in the temperature. This shows the
moment when the wet bananas were introduced to the chamber, they started absorb-
ing heat and the drying process began.

As time went on, and while the bananas got drier, the temperature of the chamber
got more homogeneous. After the first hour of drying, the difference was 16.5 °C in
between tray 1 and 4. While at the end of the experiment the difference of tempera-
ture in between those trays was 1.5 °C. During the last part of the experiment the
temperature inside the drying chamber was over 20 °C above the ambient
temperature.

Figure 32.6 shows the amount of moisture removed hourly during the drying
process. As expected, and explained in sect. 1.1, the first period of the process is
where the external moisture is evaporated, and thus more easily released. Then the
internal moisture is removed from the banana, so that is why the amount of moisture
removed drops. At the end of the process the amount of moisture that is being evapo-
rated tends to zero. That is when the equilibrium moisture content has been reached.

Figure 32.7 shows the moisture content of the product at the different trays and the
OS drying. The x-axis represents the time throughout the drying process, and the

Temperatures
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===pbsorber —=Trayl -=Tray2 ~—*=Tray3 —=Tray4 -+Chimney - Ambient

Fig. 32.5 Temperature variation throughout indoors test
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Fig. 32.7 Moisture content throughout indoors test

repeated values (4:00 and 10:00) are shown to give the moisture content reduction that
occurred during the night. It is observed that the entire product starts with the same MC
(78%)), but each tray and the one that is dried outside the dryer have a different varia-
tion in time. Even at the end of the experiment, the MC of each sample was different,
16.9%, 17.8%, 17.7%, 21.2% and 20.2% for trays 1, 2, 3, 4 and OS, respectively.

From Fig. 32.7 it can also be observed the time difference, in between trays, that
it took to each of them to reach certain MC. For example, tray 1 took 8 h to reach
23%, while tray 4 needed 11 h to reach the same MC; the same time was needed by
OS drying to reach that MC.
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Both efficiencies, collector and dryer, were calculated using eqs. 32.10 and 32.11
throughout the experiment and they are represented in Fig. 32.8. It is observed from
the graph that the collector efficiency remained fairly constant in time, having a
mean value of 37%. This can be attributed to the fact that during this test the isola-
tion was generated by the artificial source, which was constant throughout the
experiment. Therefore, the difference in temperature between the collector and
ambient also remained with small changes.

The dryer efficiency, on the other hand, changed throughout the experiment and
shows how the drying efficiency decreased as the product got dryer. This parameter
is affected by the properties of the product being dried, i.e. size, physical properties,
moisture content and ambient conditions. At the end of the experiment the dryer
efficiency was 14%.

32.4.2 Exterior Results

From the exterior test results it is observed that the solar dryer behaved with similar
tendencies to the indoor test. This is shown in Fig. 32.9 where the evolution of the
temperatures throughout the experiment. Due to weather conditions, especially dur-
ing the first day, the parameters recorded showed a bigger variation. This is expected
as the indoor results came from artificial controlled conditions. From this figure it is
also observed that when the bananas were introduced to the drying chamber there
was a drop in the temperature and after that point, the difference in temperature in
between trays got smaller as the bananas got dryer. At the beginning of the drying
process the temperature difference between tray 1 and 4 was 12 °C, while at the end
of the experiment that difference was 3 °C.

% Efficiencies of the Solar Dryer
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Fig. 32.8 Collector (thermal) and Dryer efficiencies throughout indoors test
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Fig. 32.10 Irradiance on 30° and 0° planes

Also it is observed from Fig. 32.9 that, once the wet bananas were introduced to
the chamber, the temperature recorded on trays 3 and 4 was lower than ambient
temperature.

Figure 32.10 shows how the irradiance changed throughout the second day of the
exterior test both for the collector plane (30° inclination) and on the ground plane
(0° inclination).

In Fig. 32.11 below the moisture removed from the product during the exterior
test is represented. Following the behaviour of the indoor test, the bananas lose the
biggest amount of moisture during the first hours of drying. As they dried, the
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Fig. 32.11 Amount of water removed (grams) hourly during exterior test

amount of water being removed reduced. Also it is observed, from the last values at
the end of the test, that the drying process had not finished by the time the experi-
ment was stopped and some more water could have been removed from the
product.

Figure 32.12 represents the moisture content of the bananas throughout the exte-
rior experiment. The x-axis represents the time throughout the drying process, and
the repeated value (3:00) is shown to give the moisture content reduction that
occurred during the night. As in the other test, the amount of water in the product,
at different trays, progressed differently. From the figure it is observed that tray 1 is
the one that achieved a faster reduction and by the time the test was ended the open
sun drying achieved lower moisture content than the product on trays 3 and 4.

32.4.3 CFD Simulation

The results brought by the CFD analysis [8] are represented in the following figures,
where the temperatures at the absorber plate and airflow along the solar dryer are
shown on a coloured gradient. From Fig. 32.13 it can be observed that the simula-
tion predicted an absorber’s temperature in the range between 57 °C and 61.4 °C. This
shows that the average temperature of 67 °C achieved during the indoor test
exceeded such simulation.

The other area where the temperature was analysed during the CFD simulation
was on a vertical plane, covering the space where the air flows from the inlet at the
front of the collector to the chimney at the top of the dryer. The air temperature
within that area is represented in Fig. 32.14 below.
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It is observed that it enters the absorber at ambient temperature and increases at the
same time as it flows through the absorber. Once in the drying chamber, the air reaches
a temperature of 39.2 °C, almost constant, until it leaves through the chimney. This
temperature is very close to the one achieved during the indoor test, which was 43 °C.

These differences could be attributed to the fact that some conditions differed
when evaluating the simulation. The CFD design did not consider the trays and
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Fig. 32.14 Airflow temperature through the solar dryer [8]

produce inside the drying chamber. Also, the wooden casing was considered to be
an insulated boundary. Whereas in the reality, the casing receives part of the radia-
tion that warms it up.

32.5 Conclusions

A simple and inexpensive distributed-type solar dryer was designed, constructed
and tested. The materials that were used can easily be found locally.

The indoor experiment was successfully conducted for 14 h and showed that
solar drying is a better alternative method than the traditional open sun drying tech-
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nique. The drying chamber remained with much higher temperatures than the exte-
rior, being over 20 °C the difference in between those by the last part of the
experiment. The absorber reached a steady temperature of 67 °C.

During this test, the moisture content of the bananas was reduced from 78% to
16.9%, 17.8%, 17.7%, 21.2% and 20.2% for trays 1, 2, 3, 4 and open sun, respec-
tively. This shows that the performance of the upper tray (tray 4) is worse than the
one of OS drying. The contribution here would only be in terms of securing the
product from the exterior. While for the rest of the trays the performance was much
better than the OS drying. Reaching a 23% of MC is 33%, 22% and 10% slower
with OS drying than the performed on trays 1, 2 and 3, respectively.

In terms of efficiency, the dryer efficiency was found to be 14%, while the ther-
mal efficiency was determined to be 37%.

The exterior test results achieved similar tendencies than the ones achieved
indoors. This corroborates that the design has a good performance under different
conditions. Also, that the manufacturing was conducted successfully.

The performance achieved during the experimental tests and analytical simula-
tion using CFD brought similar results when compared. A difference of 10% was
observed in between the experimental and the analytical results. The temperature at
the absorber plate was 67 °C and 61 °C, respectively. Similarly, the temperature of
the airflow in the drying chamber differed in 10% when comparing the experimental
and analytical results, reaching 39 °C and 42 °C, respectively.
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Chapter 33
Production of Hydrogen Using Solar-
Powered Electrolysis

D. A. Udousoro and CIliff Dansoh

33.1 Background

The use of hydrogen as a fuel rather than conventional gasoline displaces 764,000 kg
of CO, per year from the environment and production of hydrogen without emis-
sions of carbon dioxide displaces 1.67gallons of gasoline per kg of hydrogen pro-
duced [1]. It also has the added advantage of not producing emissions at the point of
use, which in London is considered to be a significant part of the cause of up to
40,000 premature deaths per year [2]. An energy system based on hydrogen gas and
deployed on a large scale will improve energy security, air quality and reduce green-
house gas emissions [3].

Currently hydrogen is being produced in the UK via steam methane reforming of
natural gas [4]. Although hydrogen fuel does not emit greenhouse gas at the point of
use, the process of producing hydrogen gas emits 11,888 kg of CO, per kg of hydro-
gen gas produced and 58,400 kg of hydrogen gas is required to run the existing eight
bus fleet in London annually, hence a total of 694,252 kg of greenhouse gas will be
emitted into the environment on yearly basis via steam methane reforming of natu-
ral gas [5].

There is a need to adopt a new method for hydrogen production that does not
emit greenhouse gas into the atmosphere in order to reduce the total emissions in the
United Kingdom (UK). The use of solar-powered electrolysis is potentially an
effective means of transitioning towards net zero carbon emissions in the public
mass transportation sector.

D. A. Udousoro - C. Dansoh (0<)

Faculty of Science, Engineering, and Computing, School of Mechanical and Aerospace
Engineering, London, UK

e-mail: c.dansoh@kingston.ac.uk

© Springer Nature Switzerland AG 2020 431
A. Sayigh (ed.), Renewable Energy and Sustainable Buildings, Innovative
Renewable Energy, https://doi.org/10.1007/978-3-030-18488-9_33


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-18488-9_33&domain=pdf
mailto:c.dansoh@kingston.ac.uk

432 D. A. Udousoro and C. Dansoh

Fig. 33.1 Overview of PV

electrolyser system for FC

vehicle hydrogen

production g

Compressed
1 Hydrogen
Storage Tanks

Dispenser

Fuel Cell Electric
Vehicle

33.2 Introduction

Solar-powered electrolysis consists of photovoltaic panels and an electrolysis sys-
tem to produce compressed hydrogen gas that will be used to run fuel cell buses.
Solar energy is used to generate electricity that runs the electrolysis unit to produce
compressed hydrogen gas. Electrolysis is the dissociation of water into its elemental
components (hydrogen and oxygen) by passing current in the presence of an elec-
trolyte [6] (Fig. 33.1).

The application of electric current causes hydrogen ions to migrate to the cath-
ode and become reduced to hydrogen gas and oxygen molecules migrate to the
anode as shown below [7] (Fig. 33.2).

The electrolysis unit consists of an electrolyser, a catalytic recombiner, a hydro-
gen dryer and a compressor [8]. For this project a solar-powered electrolysis system
of the type shown below will be modelled to meet the hydrogen demand of a fuel
cell bus using the hydrogen bus fleet at Lea interchange bus garage in London as a
case study (Fig. 33.3).

33.3 Modelling of Solar-Powered Electrolysis Unit

In order to model the solar-powered electrolysis unit the energy balance of the elec-
trolysis unit was determined and the photovoltaic system to generate electricity for the
electrolysis unit was modelled using system advisor model (SAM). An experiment
was conducted using the junior basic solar hydrogen unit. The experiment conducted
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Fig. 33.2 PEM PEM electrolysis
Electrolysis Cell (20-100°C}

Cathode ~ + Anode

H,0
H; <=

1/2 02

Membrane

H,0 — 2H" +%0,+2¢°  Anode
2H" +2¢ — H, Cathode
H,0 — H,+ %0, Total Reaction

Diaphragm
compressor

Fig. 33.3 Overview of electrolyser system at Lea Interchange Bus Garage

determined the efficiency of the electrolysis process and the photovoltaic module.
The energy balance of the electrolysis unit was calculated in order to size and model
the photovoltaic system.

33.3.1 Experiment Conducted

Experiments were conducted to determine the I-V curve of the photovoltaics and
electrolysis unit (Fig. 33.4). For the electrolysis unit, the faraday and energy effi-
ciency was calculated at 23 °C and the efficiency of the PV system was also calculated
below [9].
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nfaraday =

where:

R = Universal gas constant = 8314 J/(mol k),
T = Ambient temperature in kelvin,

I = Current in ampere, ¢ = time in seconds,
P = Ambient pressure,

F = faradays constant = 96,485 C/mol,

Z = number of excess electron = 2,

V = volume of gas produced.

At 23 °C, the theoretical volume of gas produced and the faraday efficiency is as
follows:

8.314x298x0.17x807

VH, theoretical = 5 =174 cm’
1013x10° x96485x2
faraday = 0™ _ 091 -91¢
= =091= o
g Y 17.4cm’

The energy efficiency is determined from the ratio of heat energy stored in pro-
duced hydrogen and the electric energy used in producing it (Fig. 33.4).
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usable energy

energy =
enerey energy expended

3 VH, xH,

- voltage x current x time

~16x107°x12745x10°

=0.85=85%
1.73x0.17x807
Efficiency of solar cell = M
Irradiance x Area

where:

Irradiance was based on tests using natural sunlight at 511 W/m?.
Area of solar cell employed—0.089m?

B 0.40Ax1.38V
511 W/m* x0.089 m?

x100=12%

Imax x Vmax
ISL‘ X VO(‘

fill factor =

0552  0.552
0354%2V 0.7

=0.78

Using the I-V curve of the solar cell above, an efficiency of 12% and fill factor
of 0.78 was obtained for the PV module as shown above. In the graph above, MPP
stands for maximum power point, which is the point on the [-V curve which cor-
responds to the maximum power output (Fig. 33.4).

In order to model the electrolysis unit an energy balance was conducted to
determine the energy required to run each of the main component of the electroly-
sis unit.

33.3.2 Proton Exchange Membrane Electrolyser

PEM cells are electrolytic cells that do not contain liquid electrolyte but possess a
solid thin proton conducting membrane which serves as the electrolyte. The DC
current splits water into gaseous oxygen and protons at the anode and these protons
migrate to the cathode via electro osmosis drag to be desolvated and reduced to
molecular hydrogen. Deionized water is mostly used in PEM electrolysis due to
sensitivity of materials used in constructing cell components [7].
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33.3.3 Heat of Compression Dryer

The dryer proposed for this project is a molecular sieve dryer and the silica gel
adsorbent will be regenerated using heat from the compression process that follows
[10]. The molecular sieve dryer consists of two beds that operate continuously, one
bed acts as an adsorber and the other acts as a regenerator. Each bed will contain a
molecular sieve adsorbent to adsorb water from hydrogen gas carried over from the
electrolysis stage and then undergo pressurization and adsorption steps followed by
a countercurrent blow down and purge process [11].

33.3.4 Compressor

The compressor chosen for this project is a diaphragm compressor based on their abil-
ity to function with the intermittent supply of power from solar panels and deliver gases
with high pressure and high purity efficiently. The diaphragm compressor is a two-
stage compressor delivering hydrogen fuel at 102 bar and 350 bar. The hydrogen gas
with pressure of 102 bar is to regenerate the silica gel adsorbent in the dryer. The
hydrogen gas with pressure of 350 bar will then be used for the bus services [12, 13].

33.4 Energy Balance

33.4.1 Proton Exchange Membrane Electrolyser

hydrogen required per day x k:h

of H,

— =KW of electrolyser
hours per day x efficiency of electrolyser

kwh _39kwh/kg _ 45 8kwhikg
kg 0.85

160 kg x45.8 kwh/kg
24 hx0.85

=359.2 KW

33.4.2 Heat of Compression Dryer

During electrolysis of water, 1 kg of produced hydrogen gas has 2.18 kg of water.
This high moisture content could create problems when used in fuel cell engines
[14, 15].
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_ mass of water vapor ina given volume

specific humidity (w
P y( ) mass of hydrogen gasina given volume

wo218ke g
1kg

absolute humidity (x) = 0.622x — V2P

P —Pvap
where Pvap = vapour pressure and P = atmospheric pressure (760 mmHg). The
moist hydrogen gas obtained from electrolysis is considered to be fully saturated
(relative humidity = 100). Vapour pressure was obtained using the pyranometric
chart at a temperature of 25 °C and relative humidity of 100%.

24 mmHg
760 mmHg

x=0.622x 0.02

The enthalpy (H) of moist hydrogen gas was used as the energy demand for dry-
ing hydrogen gas using the following formula [16].

H =(1.01+1.97(x))+2493(x)

H =(1.01+1.97(0.02))25+2493(0.02) = 7651 _ 0,02 XV

Kg kg

Therefore, the energy used in drying 1 kg of hydrogen gas is 0.02 kwh.

33.4.3 Diaphragm Compressor

k-1
H =27, RT1-X [r,, —1]
a avg K—l

where H, is the enthalpy of adiabatic process, T1 is inlet temperature, R is spe-
cific gas constant and Z,,, is assumed to be 1. Hydrogen gas constantis 772.5 ft-1b/
Ib°R. Where T1 is inlet temperature, T2 is outlet temperature, rp is ratio of dis-
charge pressure to inlet pressure and K is specific heat ratio. T1 is atmospheric
temperature = 25 °C = 77 °F. Due to heat gain during production process of
hydrogen an estimate of 80 F was used as the inlet temperature. T2 is discharge
temperature = 150 °C = 302 °F and rp is the ratio of discharge temperature to
inlet temperature [12].
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T2=302"F +460=762"R

T1=80 F +460 =540 R

r, = 0.286/@ =3.33
540

K _ 14 55
K-1 14-1

lﬁ::L0x7725x540x35(333“”°—1):59955&2ﬁ=4b/M

The enthalpy of the process was converted to power with an efficiency of 79%
and a weight flow rate of 0.243 1b./min

160 kg/day —0 llﬁ

weight flow = = =(0.243 Ib/min
24 hx60 min
power = 0.243x599558.2 559 hp
33000%0.79

The power needed for the first stage compression of hydrogen gas from 30 bar to
102 bar is 5.59 hp. For the second stage compression, the inlet pressure is 1495psia
(102 bar) and the outlet pressure is 509 1psia (350 bar). Hence,

5091

7, 3.4
71495

H, =1.0x772.5x762x3.5(3.4"* —1) =863386.4ft — Ib/Ib

power = 0.243x863386.4 _ 8.04 hp
33000x0.79

The total power used in the compression process is

totalhp =5.59+8.04 =13.63 hp =10163.8 W =10.2 KW

_102KWx24h

=1.56 = 2kwh/kg
160 kg

From the analysis above the total energy required to run the electrolysis unit is
47.82 kwh/k (Table 33.1).
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Table 33.1 energy d.emand Electrolysis system components | Kwh/kg
for components W.lthln PEM electrolyser 45.8
hydrogen production system :

Heat of compression dryer 0.02

Diaphragm compressor 2

Total 47.82

I Electricity load

400000 [ System energy (AC)
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Fig. 33.5 Energy demand of electrolysis unit (blue line) and energy supplied by PV system (grey line)

33.4.4 Modelling Photovoltaic System

The PV module designed for this project was modelled using System Advisor
Model software (SAM) to generate enough energy to produce 160 kg of hydrogen
per day. Using this software a 2.98 MW of monocrystalline photovoltaic module
was modelled to generate 2,910,445 kWh on a yearly basis. The Kwh/kg of hydro-
gen produced by the various electrolysis components is shown below in Table 33.1.

47.82 kwh x160 kg x 365 days = 2792688 kwh/yr

During the one-year operation there will be a 2-week maintenance period for the
solar electrolysis system; hence the system was modelled to have stored hydrogen
gas during this period to keep the bus fleet in operation. A period of two weeks will
require stored hydrogen of 2462 kg (Fig. 33.5).
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Fig. 33.6 Sources of power for electrolysis system

2462 kg x47.82 kwh/kg =117757 kwh

Total electricity required annually = 2792688kwh +117757kwh = 2910445kwh/yr

The PV module array to produce this amount of power will require 4.76 ha (11.6
acres) of land. Figure 33.5 shows the energy required by the system and the energy
delivered to the system, in Kwh, over the course of one year. Due to the inconsistent
supply of solar energy in the UK, a battery system and the grid had to be included
in the PV system (Fig. 33.6).

Figure 33.6 shows represents the energy, in KWh, generation from the photovol-
taic panels, batteries and electric grid. The light blue line represents electricity from
the grid, during the winter months electricity generated by the electric grid is used
to power the electrolysis system as indicated by the negative levels of power. During
the summer months, from the middle of March to September, more power is being
supplied to the electric grid as indicated by the positive levels of power. The grey
line represents the power generated from the batteries to the electrolysis system;
electricity provided by the battery is fairly constant throughout the year. The dark
blue line represents the electricity generated from the photovoltaic panels to the
electrolysis system.
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Table 33.2 Technical Parameter
specifications Of_ high Tensile strength 2000 MPa
pressure gas cylinder [17] : ]
Volumetric density 36 kg/m?
Total volume of cylinder | 320m?
Cylinder material Aluminium
Gravimetric density 13 mass%
Storage temperature Room temperature at 25 °C

33.4.5 Solar-Powered Electrolysis (SPE) System

During the winter months, October to March, the electrolysis system is not able to
produce enough hydrogen to meet the monthly demand of the fuel cell buses.
During those months a total of 11,540 kg of hydrogen gas is needed to meet the
monthly demands, for this reason a storage means is required so that excess hydro-
gen from the summer period can be stored and used during the winter period.
During the summer months ranging from April to September the system is able to
produce more than required for the fuel cell buses in those months. An excess of
14002.5 kg of hydrogen is produced in these months and this amount is able to
offset the amount of hydrogen required during the winter months and still have
2462.5 kg of hydrogen extra. This 2462.5 kg of extra hydrogen gas will be used
during the two-week shutdown that will occur during the course of the year for
annual maintenance of the electrolysis system. The storage medium considered for
this project is a high pressure light weight composite gas cylinder with a total vol-
ume of 320 m?. The specifications for the high pressure gas cylinder is provided
below (Table 33.2).

33.4.6 Cost Analysis

The cost analysis was conducted to compare the levelised cost of energy (LCoE)
using the photovoltaics with the recent price of electricity from the national grid.
The levelised cost of energy for steam methane reforming was compared to that of
the solar-powered electrolysis system (SPE) [18].

sy A9

(1+d)’

P

(1+d)"

LCoE =

where LCOE is the levelised cost of energy cost, I = capital investment, AO = Annual
operations and maintenance expenditures in the year n (fixed and variable),
Qn = Energy generation in the year n, d = discount rate, n = life of the system.
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The capital investment was calculated using the system advisor model (SAM)
which gave a value of $90,651,528 and yearly output of 2910445 kwh. The opera-
tion and maintenance cost was taken to be $16/KW with a 10% discount rate.

A0 =2980 KW x$16 = $47680

> :;0 $47—68025 = $432793total AO during 25yrs period )

(1+0.1)

> v 2910345kwh 26418226 kwh (total Qn during 25yrs period
" (1+0.1)7

LCoE of PV = $90651528 + $432793 =$3.4/kwh = £2.62/kwh
26418226 kwh

From the analysis above it is clearly cheaper to obtain electricity from the grid as
the levelised energy cost of the PV system is £2.62/kwh and the price of electricity
from the grid is 12.6p/kwh [19].

In order to compare the levelised energy cost between steam methane reforming
of natural gas and solar-powered electrolysis an annual load of 58,400 kg of hydro-
gen gas was used in the calculations below. The levelised energy cost was calculated
using a period of 20 years and discount rate of 10% (Table 33.3 and 33.4).

> S8400KS_ 10104

“(1+0.1)" B

$538920 =$45879(total AOfor SMR )

Zf_om

Table 33.3 Financial parameters of steam methane reforming [20]

Parameter Details of cost Cost

Capital cost $569/kg/day $91,040

Operation and maintenance cost 5.92% of capital cost $5389

Feed stock cost $5.15/1000 scf $127,311

Other variables 8% of capital cost $7283.2

Transport cost $0.96/kg
Table 33.4 Financial Parameter Details of cost | Cost
parameters of solar-powered " T $940/KW $337,648
electrolysis (SPE) system : -

[21] Operation and maintenance cost | $42/KW $15086.4

Electricity cost $3.4/kwh $26,014
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s B150864 _ 58439 total AO for SPE)
n=0 20

(1+0.1)
LECSMR = 321080345879 _ ¢y 55, 60.96 = $1.51/ke = £1.14/ke

49719kg
1284 4
LECSPE = 2128439+8337648 _ ¢ ) ¢ ko = £15.76/ke
49719kg

From the analysis it clear that the levelised energy cost of solar-powered elec-
trolysis system is around 15 times the levelised energy cost of steam methane
reforming of natural gas. The levelised energy cost (LEC) for steam methane
reforming was calculated to be £1.14 while the LEC for solar-powered electrolysis
was calculated to be £15.76.

33.5 Countries that Could Benefit from Solar
Electrolysis System

It was discovered while undergoing this project that the installation of solar elec-
trolysis plant in London will not be profitable due to the following reasons:

e Established grid network

e Limited land space

e Established natural gas network
e High energy demand

Using the mass and energy balance calculation it was calculated that 47.82 kwh
of electricity is required to produce each kg of hydrogen via electrolysis and this
will require a significant amount of solar radiation. It was also apparent that the
average solar radiation in the UK (3.66 kwh/m?*day) was insufficient to generate
the hydrogen required for the buses within a reasonable amount of space for a
densely populated city with high land prices such as London. Hence it is con-
cluded that large-scale solar electrolysis is best located at places with high solar
radiation.

Due to the high energy demand a large number of PV cells were required for the
project. The total land area required was 11.6 acres of land which is not available
within London city and availability of such land capacity cannot be found within
close range of the bus station; they can only be found at areas that are remote from
the city and it will cost extra money to build transmission lines that will transmit the
electricity to the electrolysis system within the garage. This project will be more
financially attractive in countries that have densely populated cities and also have
enough land to set up photovoltaic systems close to bus stations.



444 D. A. Udousoro and C. Dansoh

Given below are countries that would be significantly more attractive for instal-
lation of solar-powered electrolysis for hydrogen production due to their high solar
radiation, availability of land space and lack of established grid network.

33.5.1 South Africa

In the rural sub Saharan part of South Africa there is said to be a lack of transport
services within the area. Rural transport is the movement of persons or goods by walk-
ing, head loading or on various infrastructures such as roads, tracks or footpaths [22].
More than 50% of people that live within 5 km of a tarred road are limited to walking
as they do not have access to transport infrastructures. A proposed solution to this
problem is the use of buses within these regions and it would be advantageous if the
transport fuels used by these buses were generated within the region in order to create
more jobs and cut the cost of importing fuel from other countries. Rural sub Saharan
South Africa has large land mass and an average solar radiation of 220 W/m? com-
pared to the UK that has an average radiation of 101.2 W/m?, less PV panels and land
space will be required to run the solar electrolysis system in this region [23].

The use of fuel cell buses that utilize hydrogen from solar electrolysis could be
economically stimulating to such an area and also reduce the amount of greenhouse
gases in South Africa. The total amount of greenhouse gas emissions in South Africa
is 391.77MtCO,e and 12% of which are from the transport sector [24].

33.5.2 Argentina

The national route 40 that crosses the Andes region linking Argentina to Chile is
another potential location for fuel cell buses and solar electrolysis system. Argentina
does not have a stable grid connection as the demand outstrips supply but it has a
high solar energy resource.

The solar radiation in Argentina is 2.2 MWh/m?/yr and the average radiation in
the UK is 1.2 MWh/m?/yr, hence less PV and land space will be used to implement
this project in Argentina. Due to its high solar resource it also reduces the levelised
energy cost in solar-powered electrolysis. Argentina has more potential in using a
solar-powered electrolysis system than the UK because of its large solar energy
resource, inconsistent power supply and large land space [25].

The greenhouse gas emissions in Argentina are 405MtCO,e, which the use of
hydrogen energy could help to reduce. The national route 40 begins from Rio
Gallegos in Santa Cruz province and ends in La Quaica in Jujuy province and it is
5000 km long [26]. 5000 km will require approximately 500 kg (10 kg/100 km) of
hydrogen gas to run the bus hence saving 6817 kg of CO, from being emitted into
the atmosphere. There are vast amounts of land around the national route making it
worthy of further consideration for this project.



33 Production of Hydrogen Using Solar-Powered Electrolysis 445
33.5.3 Australia

Australia’s total greenhouse gas emissions is 527Mt CO,e but has experienced 12%
decrease in its greenhouse gas emissions since 2005. Most of its electric power is
generated from coal. Its total transport emission is estimated to be 79MtCO,e [27].
The average solar radiation received in Australia is 1.6MWh/m?/yr. which is rela-
tively high; hence its high potential for installation of a solar-powered electrolysis
system [28]. The Simpson Desert is considered as a worthy case study for the instal-
lation of solar electrolysis system in Australia.

The land mass of the Simpson Desert in Australia is 176500km? and its neigh-
bouring towns at the eastern side in Queensland are Birdsville, Bedourie and
Diamantina. These towns could adopt fuel cell buses in their transport sector and
generate hydrogen gas from solar-powered electrolysis installed in the Simpson
Desert due to its large land space. Installation of a solar-powered electrolysis system
in the Simpson Desert would be more financially attractive than in the UK because
it will require less PV panels and land space and yield cheaper levelised energy cost
due to its high solar irradiation. Also the use of fuel cell buses and solar electrolysis
system will reduce the emissions in Australia.

33.6 Conclusion

The use of solar-powered electrolysis does not emit any green house gases or harm-
ful emissions as by-products, hence it is an efficient means of potentially achieving
zero carbon emissions in the UK transport sector. Solar-powered electrolysis is also
arelatively cost-intensive method of producing hydrogen because it requires signifi-
cant amounts of electricity. Also the hours of sunlight in the UK, on average is
1400 h, requires that a significant number of PV panels are installed to generate the
required electricity for the electrolysis process. So, although it was considered that
the system proposed was not financially attractive for deployment to supply hydro-
gen for the LEA depot in London, a system of this type could be much more finan-
cially attractive in other countries such as Argentina, South Africa and Australia. In
order to improve the efficiency of solar-powered electrolysis, recent devices such as
multi-junction solar cells and photo electrolytic cells can also be used instead of the
photovoltaic cells and electrolyser. It is considered that there is benefit in further
research into reducing the electricity requirements of the electrolysis process so as
to reduce the cost of the electricity used for the system.

It is also advised that further research is conducted in order to minimise perme-
ation of moisture or water vapour into the generated hydrogen and oxygen gas, to
eliminate the need for dryers within the system.
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Chapter 34
City of Sydney Decentralised Renewable
Energy Master Plan

Allan Jones

34.1 Decentralised Energy Master Planning

Decentralised energy master planning is an important process for cities who want to
implement decisive steps towards a 100% renewable energy future which can be
achieved by a combination of energy efficiency and decentralised renewable energy.

Many countries, cities, regions/states and even some utilities have adopted high
renewable energy targets. So far, 59 countries, 72 cities, 63 regions/states, 9 utilities
and 21 non-profit/educational/public institutions, covering more than 1.8 billion
people have shifted or have committed to shifting to 100% renewable energy in at
least one sector.'

Although these cities, states and countries have adopted 100% renewable energy
targets they have no idea what mixture of renewable energy resources, technologies
and storage they will actually need to deliver their targets. They also have no idea
what renewable energy resources, technologies, regulatory regime or business mod-
els they will need to benefit both consumers and prosumers. This is particularly the
case for cities.

The laws of physics dictate that electricity will always flow to the nearest demand
and the smaller scale of technologies means that most, if not all, of electricity gen-
eration in the future will be decentralised and it is important to ascertain the maxi-
mum amount of decentralised energy that can be delivered inside the city so that it
can be determined what larger scale renewable energy generation needs to be built
outside but in proximity to the city. Otherwise, a headlong rush to build large-scale
renewables remote from the city without any plan will lead to future stranded renew-
able energy assets and unnecessary grid infrastructure investment.

'Go 100% renewable energy.

A. Jones (><)
Devon House, London, UK
e-mail: AllanJones @lda.gov.uk

© Springer Nature Switzerland AG 2020 449
A. Sayigh (ed.), Renewable Energy and Sustainable Buildings, Innovative
Renewable Energy, https://doi.org/10.1007/978-3-030-18488-9_34


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-18488-9_34&domain=pdf
mailto:AllanJones@lda.gov.uk

450 A. Jones

To overcome these issues and to deliver its Sustainable Sydney 2030 energy and
climate change targets the City of Sydney, Australia developed and adopted a
Decentralised Energy Master Plan—Renewable Energy which established that
100% of the City’s local government area electricity, heating and cooling demands
could be met by renewable energy resources and reduce 2006 greenhouse gas emis-
sions by 75% by 2030.

This City of Sydney case study not only covers the Renewable Energy Master
Plan but also what impacts the City has had on catalysing not only renewable energy
in Sydney but also in Australia as a whole, despite opposition from vested interests.

34.2 Background to City of Sydney

Sydney was the first European settlement in Australia with the arrival of the First
Fleet in 1788. The City of Sydney was established in 1842 and today, is the local
government area (LGA) covering the Sydney central business district and surround-
ing inner city suburbs of the greater metropolitan area of Sydney. The Lord Mayor
is directly elected while the nine other Councillors are elected by the proportional
voting method. The current Lord Mayor has been in office since 2004.

Sydney is the state capital of New South Wales, Australia’s global city and inter-
national gateway with world-renowned tourist attractions and sustained investment
in cultural infrastructure and facilities. The City of Sydney is also the nation’s eco-
nomic powerhouse representing around 25% of New South Wales gross domestic
product (GDP) and around 8% of Australia’s GDP. However, the City is also recog-
nised as the nation’s leading environmental performer and one of the world leaders
in tackling climate change.

34.3 Sustainable Sydney 2030

Sustainable Sydney 20307 is the vision and strategic plan for the City of Sydney to
make Sydney a green, global and connected city by 2030. The full spectrum of
interested individuals and groups were consulted on Sustainable Sydney 2030 over
a period of 18 months making it the most extensive engagement process in the
City’s history. Of key significance was that 90% of respondents wanted urgent
action on climate change. Sustainable Sydney 2030 was adopted by Council in 2008
and provided the mandate for the Lord Mayor and Council to deliver the 10 targets
to make Sydney more sustainable by 2030 (Fig. 34.1).

1. The City will reduce greenhouse gas emissions by 70% below 2006 levels by
2030.

2City of Sydney—Sustainable Sydney 2030: The Vision 2008.
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1. The City will reduce greenhouse gas emissions by 70% below 2006 levels by
2030.

2. The City will meet 100% of electricty demand by local generation
by 2030

Source: City of Sydney (2008)

Fig. 34.1 Key energy and climate change targets in sustainable Sydney 2030. Source: City of
Sydney (2008)

2. The City will meet 100% of electricity demand by local generation by 2030.

In 2008, 80% of Sydney’s greenhouse gas (GHG) emissions come from coal-
fired power plants and the 70% reduction in GHG emissions could not be delivered
without replacing coal-fired centralised energy generation with low or zero carbon
decentralised energy generation. Therefore, the 100% local electricity demand
would need to be met principally by decentralised energy—70% from trigeneration
and 30% from renewable electricity generation by 2030.

34.4 Green Infrastructure Plan

A key objective in Sustainable Sydney 2030 was to prepare a Green Infrastructure,
comprising five Master Plans as follows:

Decentralised Energy Master Plan

Trigeneration

Decentralised Energy Master Plan

Renewable Energy Decentralised Energy Master Plan

Advanced Waste Treatment Decentralised Water Master Plan, and Energy Efficiency
Master Plan

In addition, a Climate Change Adaptation Strategy would support and take into
account the Green Infrastructure Plan as climate change mitigation and adaptation
should be integrated holistically since the green infrastructure that a city needs to
function must also be resilient and adaptable to climate change.

34.5 Trigeneration Master Plan

Based on the energy efficiency target in Sustainable Sydney 2030 the Trigeneration
Master Plan was the first decentralised energy master plan to be adopted by the City
in 2013. The reason for this is that city energy demands are very high in relation to
their geographical area and for a city like Sydney those energy demands have very
high air-conditioning or cooling demands, particularly in summer. The Trigeneration



452 A. Jones

Master Plan forecast what the energy demands would be by 2030 on a ‘business as
usual’ basis to ensure that the Master Plan adopted catered for the 2030 energy
demand.

The Trigeneration Master Plan broke the city down into energy demand layers
and geographical areas to determine the heating and hot water demands and how
much of the electric cooling demands could be converted to heat-fired absorption
cooling demand. This would have the double benefit of significantly reducing elec-
tricity consumption and peak power by switching from electric cooling to thermal
cooling. This in turn enabled more local electricity generation from the need for
additional waste heat to supply both heating and cooling demands. The Master Plan
was then developed into Low Carbon Zones for energy intense inner-city areas,
energy intense hot spots outside the inner-city areas and the remainder of the city
which were mainly low-rise suburban areas where domestic decentralised energy
systems would be more appropriate.

The Trigeneration Master Plan showed that 70% of the City’s electricity demands
and 100% of the City’s heating and cooling demands could be met by trigeneration
and reduce the City’s greenhouse gas emissions by 31.9%.

Although the initial fuel for the trigeneration network would be natural gas to
enable the economic development of the heating and cooling network infrastruc-
ture, the City resolved in 2012 that by 2030 renewable gases from waste and other
renewable energy resources would replace fossil fuel natural gas in the trigeneration
systems. The renewable gas resources necessary to deliver this outcome would be
included in the Renewable Energy Master Plan.

34.6 Renewable Energy Master Plan

The Renewable Energy Master Plan was the second decentralised energy master plan
to be developed and adopted by the City in 2013. The Renewable Energy Master Plan
established that no more than 18.2% of the city’s electricity demand could be met by
renewable electricity generation, primarily solar PV. The reason for this is that cities
have very high energy demands and tall buildings whose roofs are small in compari-
son to the number of energy consuming floors, small geographical area in relation to
the city’s energy demands and over-shadowing is more of an issue in cities.

Therefore, the City needed to make up the balance of the 30% renewable elec-
tricity generation required from outside the city. However, the City did not want to
include renewable electricity generation from Queensland or Victoria or even out-
back New South Wales whose electricity could never reach Sydney, so the City
developed a proximity principle that would only include renewable electricity gen-
eration within 250 km of the city. In practice, enough renewable electricity genera-
tion could be sourced within 100—-150 km of the city to more than make up the 30%
renewable electricity generation target. This would also avoid or minimise the very
high cost of grid upgrades or reinforcements and future renewable energy stranded
assets.



34 City of Sydney Decentralised Renewable Energy Master Plan 453

The second stage of the Renewable Energy Master Plan was to identify renew-
able gas resources derived from waste both inside and within 250 km of Sydney.
The renewable gas resources identified comprised virtually all forms of waste that
are not otherwise recycled, such as residential, commercial and industrial waste,
sewage and landfill. Beyond the city, renewable gases can also be sourced from
livestock manure, agricultural stubble and husks from crops or non-native forestry
off-cut waste. Energy crops and native woodlands were specifically excluded from
the Master Plan to avoid any potential land use conflicts with food crops, water and
destruction of native woodlands.

Producing renewable gas from bioenergy, either by anaerobic digestion or gasifi-
cation, converting into a substitute natural gas for injection into the gas grid and
pipelining into the city enables typically 80% of the primary renewable energy
resource to be recovered compared with typically 20% for electricity only genera-
tion connected to the electricity grid. The renewable gas resources in the Master
Plan are all within economic proximity to the gas grid (Fig. 34.2).

The Renewable Energy Master Plan identified that the total residual municipal
solid waste (MSW) and commercial and industrial (C&I) waste resource available
in New South Wales within 250 km of the City’s local government area (LGA) but
excluding the City’s LGA was around 3.7 million tonnes a year, forecast to grow to
4.6 million tonnes a year by 2030. This was more than enough renewable gas
resource required by the City for both trigeneration and other gas uses. Advantages
for other local authorities in utilising local advanced waste treatment and renewable

0.4
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Source: City of Sydney

Fig. 34.2 Greenhouse gas emission savings from renewable gas grid injection compared to elec-
tricity generation only and other gas uses. Source: City of Sydney
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gas grid injection plants to meet the City of Sydney’s renewable gas demand would
be the virtual elimination of non-recyclable waste going to landfill and the avoid-
ance of the landfill levy which would save local authorities outside of the City of
Sydney $177 million a year and businesses $252 million a year.

34.7 Advanced Waste Treatment Master Plan

The Advanced Waste Treatment (AWT) Master Plan was the third decentralised
energy master plan to be developed and adopted by the City in 2014. The AWT
Master Plan was a subset of the Renewable Energy Master Plan for the renewable
gas resources available from the MSW collected by the City and from the C&I
waste collected by city business waste contractors. The AWT Master Plan also pro-
vided the environmental and financial data to build an advanced waste treatment
facility for the City’s own MSW and C&I waste.

The AWT Master Plan demonstrated that the diversion of MSW and C&lI waste
from landfill would increase from 52% in 2012 to 94% by 2030. This would reduce
GHG emissions across the City’s LGA by 7% below 2006 levels by 2030. The City
and the City’s LGA businesses would also save in the region of $3.9 million and
$18.7 million a year, respectively, in the landfill levy. In addition, using advanced
gasification as part of the advanced waste treatment would produce more than
enough renewable gas to supply the City of Sydney’s own trigeneration and other
gas uses.

34.8 Delivering a 100% Renewable Energy Sydney

Taken together, the Trigeneration, Renewable Energy and Advanced Waste
Treatment Master Plans would enable 100% of the City’s electricity, heating and
cooling demands to be met by renewable energy resources and reduce 2006 GHG
emissions by 74.6% by 2030 (Fig. 34.3).

Delivering a 100% Renewable Energy Sydney by 2030
Decentralised Energy Master | Electricity | Heating & | Gas Reduction
Plan Cooling in GHG
Emissions
Trigeneration 70% 100% - 31.9%
Renewable Energy 30% - 100% 37.5%
Advanced Waste Treatment | Inc. above | Inc. above | Inc. above | 5,2%
Total Renewable Energy 100% 100% 100% 74.6%

Source: City of Sydney (2014)

Fig. 34.3 Delivering a 100% renewable energy Sydney by 2030. Source: City of Sydney (2014)
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34.9 City of Sydney Projects

The City is implementing its Green Infrastructure Plan at two levels—for the City’s
own buildings and operations and for its local government area. ‘Show by doing’ is
an important principle since the City cannot expect others to do what it is not pre-
pared to do itself on its own buildings and operations. In support of this principle the
City initially implemented four major carbon reducing projects—Building Energy
Efficiency Retrofits to 45 of the City’s major buildings, LED Street Lighting to
replace 6448 street lights with LED’s, Solar PV on 31 buildings and the Town Hall
Precinct trigeneration and Aquatic Centres cogeneration projects (Fig. 34.4).

These projects were installed from 2011 to 2016 and reduced energy consump-
tion by 16% and GHG emissions by 27.4% below 2006 levels. Other trigeneration,
solar PV, energy storage and community renewable energy projects are under way
to reduce GHG emissions by 44% by 2021 and 70% by 2030 below 2006 levels.

34.10 City of Sydney Local Government Area Projects

The City of Sydney LGA has reduced energy consumption by 9% and GHG emis-
sions by 19% below 2006 levels by 2016. Some of the projects implemented in the
LGA by the City include:

34.11 CitySwitch Green Office Program

The CitySwitch program enables the City to educate tenants and proselytise energy
efficiency ratings and emissions reductions as the impact that tenants could have in
incentivising landlords to improve the energy efficiency of both the landlord’s and

City of Sydney Major Projects on its Own Buildings and Operations

Project Energy Savings | Water Savings Reduction in
GHG Emissions

Building Energy & | 15.5% 21.8% 15.0%

Water Efficiency

Retrofits

LED Street Lighting 5.5% - 5.3%

Solar PV 3.0% - 3.3%

Trigeneration 3.1% - 3.0%

Total 27.1% 21.8% 26.6%

Source: City of Sydney (2016)

Fig. 34.4 City of Sydney major projects on its own buildings and operations. Source: City of
Sydney (2016)
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tenanted parts of their buildings, particularly at new or renewal of or break clause
lease contract points, is significant.

The Sydney CitySwitch Green Office currently comprising 144 tenancies occu-
pying 21% of the city’s office space have improved their average NABERS rating
from 3.8 to 4.6 from 2006 to 2017 and reduced GHG emissions by 65,520 tonnes
a year.

34.12 Better Buildings Partnership

In 2011, the City established the Sydney Better Buildings Partnership (BBP) with
13 major landlords who own 50% of the city’s commercial floor space. The BBP
now has 15 members and 5 associate members who collectively reduced GHG
emissions in their property portfolio by 47% and reduced energy bills by $32 mil-
lion a year from 2006 to 2016.

Similar to the BBP in London, the City identified the number of properties owned
by landlords started to taper off into smaller number of properties owned by many
smaller landlords. For Sydney, this was 13 major landlords that the City needed to
convince to join the BBP and adopt the same energy and climate change targets as
the City using Energy Disclosure and NABERS energy ratings as the driver to
improve the energy performance of their buildings.

34.13 Environmental Upgrade Agreements

In 2011, the City introduced Environmental Upgrade Agreements (EUA’S) in its
LGA taking advantage of amendments to the New South Wales (NSW) Local
Government Act 1993 to overcome the barriers to implementing energy efficiency
and environmental upgrade works in commercial and multi-residential buildings.

The City worked with NSW Government to introduce EUA legislation® and the
City was the first local authority to take advantage of this with a $26.5 million tri-
generation micro-grid scheme serving phase 1 of the new Central Park develop-
ment. To date, 4 EUA’s with a total value of $30.4 million have been signed and a
further 7 EUA’s are currently being implemented or negotiated for energy efficiency
works of the order of $2—$3 million each.

3New South Wales Government Environmental Upgrade Agreements.
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34.14 Renewable Energy and Climate Change Action
in Australia

Although Australia signed the Kyoto Protocol in 1998, Australian Government did
not ratify the Kyoto Protocol until 2007 following the election of the Australian
Labor Party (ALP) differentiating itself with its climate policies from the outgoing
Liberal/National Party (LNP) Coalition government. The election set a new opti-
mism and enthusiasm amongst Australians to tackle climate change and the City of
Sydney was one of the first local governments to take action with its Sustainable
Sydney 2030 in 2008.

The ALP government introduced a revised Renewable Energy Target (RET) in
2009 which increased the renewable energy target from 9500 GWh by 2010 to
45,000 GWh (20%) by 2020 and a carbon pricing scheme or “carbon tax” in 2011.

The LNP government was re-elected in 2013 and abolished the carbon tax. They
also sought to review the RET. The threat of the review led to 15 months of lost
investment confidence which forced the industry to agree to a reduced RET of
33,000 GWh by 2020 in 2015.

Meanwhile, the City of Sydney spearheaded a campaign to oppose the proposed
increased grid charges to support the ‘business as usual’ coal-fired centralised
energy model. The City commissioned a report* from the University of Technology
which established that electricity network businesses in Australia were planning to
spend over $46 billion from 2010 to 2015. Whilst the campaign did not stop the
increases in grid charges it did attract national publicity as consumers energy bills
increased by 48.5% from 2007 to 2017 with most of the increase due to increased
grid charges of +47.7%. In NSW, Grid charges now represent 50% of the average
residential consumer’s electricity bill.

34.15 City of Sydney Impact on the Australian Energy
Landscape

The increased cost of grid electricity, renewable energy publicity and government’s
refusal to remove the regulatory barriers to decentralised energy has led to an explo-
sion of ‘behind-the-meter’ decentralised renewable energy from just under 99,500
installations in 2008 to nearly 2.9 million installations in 2018. Rooftop solar alone
generated 7206 GWh in 2016/17.

Australia now has the highest penetration of rooftop solar in the world.

Despite the setback of the reduced RET, large-scale renewables are also enjoying
a boom, with 46 projects under construction representing 2590 MW of capacity in
2016/17; 1259 MW of that being large-scale solar projects.

“Institute for Sustainable Futures, University of Technology Sydney ‘Close to Home: Potential
Benefits of Decentralised Energy for NSW Electricity Consumers 2010°.
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In 2016/17, renewable energy in Australia generated enough electricity to power
7.1 million homes, representing 70% of all households and reducing GHG emis-
sions by 25.4 million tonnes. Australia had a record year in 2017 with $11.5 billion
in renewable energy investment, up 150% on 2016 and breaking the previous record
of $7.9 billion set in 2011. As a result, the Australian Clean Energy Regulator con-
firmed that Australia will now meet its 2020 Renewable Energy target.

Quite apart from proselytising decentralised renewable energy throughout
Australia, the City’s Renewable Energy Master Plan introduced new energy con-
cepts to Australia such as renewable gas derived from waste injected into the gas
grid, ‘power to gas’ technologies and renewable energy mining and exports.

Australia’s renewable energy resources are many times greater than Australia’s
annual energy needs. For example, the annual solar radiation falling on Australia is
approximately 58 million petajoules (PJ), about 10,000 times Australia’s annual
energy consumption. Utilising emerging ‘power to gas’ and liquefied renewable gas
(LRG) technologies would enable Australia to access its vast renewable energy
resources in the remotest parts of Australia for itself and for export. The liquefied
natural gas (LNG) infrastructure already exists in Australia so LRG can take advan-
tage of this (Fig. 34.5).

Following the City’s Renewable Energy Master Plan in 2013, Energy Networks
Australia published a report in 2017 on decarbonising Australia’s gas distribution

Solar Radiation
Kwh/m?/day
B 275375
B 3.75-4.00
B 4.00-4.25
425450
[ 450500
| ]5.005.25
[ 1525550
[ 1550575
[ 1575600
[ 6.006.25
B 6.25-6.50
B 650675

Australian mean annual solar radiation levels (data and map supplied by CRES, Anu)

Source: Renew Economy

Fig. 34.5 Australia solar intensity map. Source: Renew Economy
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networks which included renewable gas and hydrogen injected into the gas grid.
The Australian Renewable Energy Agency is also funding $20 million worth of
projects for ‘power to gas’ and renewable hydrogen exports. These projects demon-
strate the impact that the City’s Renewable Energy Master Plan has had on the
Australian energy landscape in the last 4 years.
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The workshop “Smart Energy Cities and EU GCC Cooperation Opportunities”
took place on Tuesday, 31 July 2018 within the framework of World Renewable
Energy Congress 2018 (WREC 2018) and was chaired by Dr. Haris Doukas—
Network’s Research Collaboration Specialist. The workshop dealt with Smart
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Picture 35.1 Dr. Haris
Doukas

Picture 35.2 Dr. Hanan
Al Buflasa

Energy Cities (SEC) which are expected to play a key role in the efforts towards
low-carbon economies in both regions, EU and GCC.

The workshop analysed how ICT can be mostly used by energy/facility manag-
ers, energy service companies (ESCOs) and specialists, who take decisions based
on the information they get. Moreover, it was investigated how buildings’ occupants
(energy end-users) can be included in a more efficient way in this process.

Presentations were given by:

e Dr. Haris Doukas, Research Collaboration Specialist, EU GCC Clean Energy
Technology Network on “Smart Energy Cities and EU GCC Cooperation
Opportunities: Setting the scene”

* Dr. Hanan Al Buflasa, Assistant Professor, Department of Physics, College of
Science, University of Bahrain on “Smart Energy Management Systems for
Households in the GCC Countries: Current overview, challenges and
opportunities”
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Picture 35.3 Tommaso
Morbiato and Enrico Fusto

Picture 35.4 Andrew
Parker

¢ Tommaso Morbiato, R&D Head and Founder, CEO Windcity srl. Variable
geometry for variable flows, and Enrico Fusto, Founder and Lead of Strategy
and Technology at local flow on “From a power-based energy economy to peer-
to-peer energy exchange in the local economies network thanks to the new IoT
mini-turbines in the blockchain 2.0”

e Andrew Parker, Energy Efficiency and Demand Side Management Convener,
EU GCC Clean Energy Technology Network on “Future directions for cooling,
EU and GCC innovations”.

More specifically Dr. Haris Doukas first presented the aim and objectives of the
Network and then he presented the workshop’s objectives, which were, namely, (a)
to analyse how IoT can be mostly used by energy/facility managers, energy service
companies (ESCOs) and specialists, who take decisions based on the information
they get; (b) to investigate how citizens (energy end-users) can be included in a
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more efficient way in this process; and (c) to analyse the role that the EU GCC
Clean Energy Technology Network could have as a facilitator for successful syner-
gies. Furthermore, he presented the role of cities and how they are moving to becom-
ing smart energy cities, while at the same time, he highlighted the similarities and
differences in the approach the EU and GCC countries have on this topic.

Dr. Hanan Al Buflasa presented a short overview of the GCC electricity produc-
tion and the smart energy solutions for GCC and she also focused on the research
opportunities that are available on this topic. Dr. Buflasa also presented the main
drives for smart energy management system in the GCC region, which among oth-
ers are (a) to finite resources and limited access to cheaper hydrocarbons, increased
and expensive natural gas import; (b) to better management of the demand-supply
gap by compensating for indigenous shortage of oil or gas or both; (c) to align the
energy infrastructure for a foreseeable future without oil and gas; (d) to become
potential RE exporters with breakthrough technological advancement Economys;
and (e) to limit domestic fuel consumption to recover revenues through increasing
the share in export.

Tommaso Morbiato and Enrico Fusto presented the developments of their
start-ups which are now working together. Their presentation focuses on the peer-
to-peer renewable energy exchange in the local economy networks, highlighting
that there is an efficiency gap between the renewable power plant CAPEX and the
energy records. Moreover, they presented the value proposition for a well-
functioning data and energy marketplace for cities. The value proposition is focused
on four pillars, namely, (1) infrastructure where sellers offer data and energy in
exchange for something of value from buyers; (2) data evaluation and valuation
mechanisms; (3) incentives for all market participants to act honestly, including an
enforcement system to avoid dishonest behaviour; and (4) incentives for all players
to ensure data quality, including an enforcement mechanism to guard against low-
quality data.

Andrew Parker finally presented whose presentation for used on the innovation
and applied examples for cooling technologies and how these technologies can play
a key role in the smart cities era. Moreover, A. Parker presented a project funded by
European Commission (EC), the REMOURBAN (REgeneration MQOdel for
accelerating the smart URBAN transformation) which focused on energy effi-
ciency in buildings as well as in system integration, DH, CHP, PV, waste heat, waste
to energy, ICT and mobility and transport. The technologies will be applied in pilot
cities, which are Nottingham (UK), Valladolid (Spain) and Tepebasi (Turkey).
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Chapter 36

A Pricing Method for the Electricity

from Renewables to Be Used After Feed-In
Tariffs

Yoshihiro Yamamoto

36.1 Introduction

Feed-in tariffs (FITs) have been widely used to encourage investment in renew-
ables. When a targeted amount of investment is achieved, FITs will be decommis-
sioned. A new method of pricing should be introduced in place of FITs because
surplus electricity, the electricity generated from renewables but not self-consumed
by a facility owner, may be efficiently used by others.

When designing a new pricing method for the surplus electricity generated from
some sorts of renewables, we should take account of their distinct features. Consider
wind-power or photovoltaic (PV) generation. First, we are unable to control the
amount of electricity to be generated; it depends on natural conditions such as wind
and solar irradiation. Second, the marginal cost of such power generation is very
small; marginal cost pricing will not be appropriate. As a result, demand for elec-
tricity may play a critical role because supplies are worth more when demands are
larger and demands are worth more when supplies are larger.

The purpose of the study is to propose an effective method of pricing for the
surplus electricity from wind-power or PV generation on a market where some par-
ticipants just consume electricity while others engage in such power generation as
well as consuming it.

The study [1] is relevant to our purpose. The problem that those authors addressed
is how to distribute a joint cost among a group of producers of electricity from
renewables. They introduced seven axioms to characterize just and reasonable allo-
cation rules.

On the other hand, our study proposes a method for pricing the surplus electric-
ity, focusing on PV generation in the residential sector. It considers a period of time.
Our model considers some group of households; some households just consume
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electricity and others generate and consume electricity. This means that the surplus
electricity may be priced locally in the group as distributed generation. Note that we
do not address how to determine this group in this study. The model is based on a
coalitional game. The solution in the game distributes the worth, which all the par-
ticipants achieve together, among them so that no coalition (subset of the group)
forms to deviate from this arrangement of distribution.

The remaining sections are organized as follows. In Sect. 36.2, the model is pre-
sented as a coalitional game. Following the model, Sect. 36.3 examines the pricing
by the core, one of the solution concepts in a coalitional game. In Sect. 36.4, another
solution concept, the Shapley value, is examined. Section 36.5 concludes the study.

36.2 The Model

Let us define a coalitional game (N, v) of our problem, basically following the book
by Osborne and Rubinstein [2]. Let N be a group of households. The households in
N may or may not own PV systems. The group N may be located in a neighborhood
because the electricity generated from residential rooftop PV panels should be used
locally in terms of efficiency as distributed generation.

It is supposed that a system operator must balance supply and demand every
period on the electricity market. We consider this series of time periods.

Let us look at one of the periods. Then, N is divided into two subsets, E and D.
The households in E were exporters of surplus electricity and those in D were
importers of electricity. Exporters own PV systems, with which they produced elec-
tricity and exported the surplus electricity to the grid during that period. On the
other hand, importers may or may not own PV systems. If they own, they produced
electricity, all of which they consumed themselves. They imported electricity from
the grid because the demand was not met by the electricity they produced with their
PV systems. If they do not own PV systems, they just imported electricity from the
grid during that period.

For any i € E, let e; be the amount of surplus electricity that i exported. For any
J € D, let d; be the amount of electricity that j imported. We assume ) ;¢ ze; < X< pd;.
The shortage, )< pd; — Y < zei, is supplemented by backup power sources. The
same argument as in the following holds in the case where Y, c ze; > Y, < pd; With
assuming that the surplus is stored in a battery system.

Let the reservation prices of every i € E and every j € D be 0 and 1, respectively.
This means that an exporter 7 is willing to export as long as the price is not lower
than O and that an importer j is willing to import as long as the price is not higher
than 1. We may consider the price of 1 as the electricity retail rate and the price of 0
as the highest price among other opportunities of selling the surplus electricity, e.g.,
storage.

Let S be any coalition of N (Fig. 36.1). For any nonempty S C N, define a worth
v(S) € R,, which can be divided among all members of S.
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Fig. 36.1 The sets of

households / N \

We may define
v(S):min{ Yoe, X dj}.
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This means that the worth v(S) is associated with how much of the electricity
imported was actually met by the surplus electricity exported within § or the worth
is associated with how much of the surplus electricity exported was actually
imported within S.

We now have a proposition that coalitional game (N, v) is cohesive ([2]): if
N=U.,S, where S;n S; = @ for any i # j, then v(N)=X!, v(S,). This can be
straightforwardly verified. The proposition means that it is optimal that the coalition
N of all households forms. Hence, we hereafter confine ourselves to examining how
to distribute v(N) among all the households so that no coalition of households forms
to deviate from this distribution.

The distribution is represented by a profile (x;), < 5. It is an S-feasible payoff pro-
file if Y, c sxi = v(S) ([2]). In particular, an N-feasible payoff profile is called a fea-
sible payoff profile, for which we have ), c yx; = v(N). Accordingly, our goal is to
propose a feasible payoff profile x so that no coalition of households forms to devi-
ate from x.

36.3 Pricing by the Core

We examine two solution concepts of coalitional game (N, v) in the study. The first
solution concept is the core ([2]). A feasible payoff profile x is in the core if no coali-
tion can obtain a payoff that exceeds the sum of its members’ payoffs guaranteed by
x: for any coalition S, Y, c ¢x; > v(S). This means that there are no incentives for any
households to deviate from x by forming a coalition in order to obtain larger
payoffs.

A feasible payoff profile x, where x; = ¢; for i € E and x; = 0 for j € D, is in the
core. This can be straightforwardly verified. Each of the exporters obtains the payoff
of 1 per unit of surplus electricity it exported, and each of the importers obtains the
payoff of 0 per unit of surplus electricity it imported. This means that the surplus
electricity is priced at 1. If we assume Y.< ze; > )i pd;, the result is reversed.
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Let us illustrate the result by a small example. Let N = {1, 2, 3,4}, E = {1, 2},
and D = {3, 4}. For the exporters 1 and 2, e; = 1 and e, = 3. For the importers 3 and
4, dy =2 and dy = 4. Note that ¢, +e, =4 <d, +d, =6. Then the feasible payoff
profile x = (1, 3, 0, 0) is obviously in the core. Hence, we have the feasible payoff
profile per unit of surplus electricity traded y = (1, 1, 0, 0).

Let us discuss the pricing by the core. The total amount of surplus electricity
exported and the total amount of electricity imported together determine the price.
Whichever group, E or D, has a smaller total amount, every member of the group is
more likely to obtain a maximal payoff. Hence, each group has an incentive: on the
one hand, if exporters expect that the total amount of export will be larger than that
of import, they try to reduce the export by self-consumption. On the other hand, if
importers expect that the total amount of import will be larger than that of export,
they try to reduce the import by decreasing consumption. In other words, every
household may control its consumption anticipating the balance of electricity.

However, contributions by each exporter and each importer to the result are not
taken into account. As a result, every exporter equally obtains a maximal payoff and
every importer equally obtains nothing, or vice versa.

36.4 Pricing by the Shapley Value

We next propose a pricing method that uses the Shapley value ([2]). Each player’s
marginal contribution to the coalition is considered in this method. For any coalition
S, player i’s marginal contribution to S is defined as

A(S8) =v(S U {i}) = w(S),

where i € S. Then the Shapley value, ¢«(N, v), of player i is defined as the expected
marginal contribution over all orders of i to the set of players who precede i:

¢ (N’V) = — ZAi (Si(R))’
NS
where R is the set of all orderings of the member in N and S(R) is the set of players
preceding i in ordering R.

Let us illustrate the result of the Shapley value by the same simple example as in
Sect. 36.3. The Shapley values are calculated as ¢ = (0.58,1.75,0.42,1.25). Then, the
Shapley values divided by the amount of surplus electricity traded are
w= (0.58,0.58,0.21,0.31). These are moderate compared to the result y by the core.

Let us discuss the pricing by the Shapley value. The payoff profile is “fair”
because a marginal contribution is considered. However, the calculation may be a
little complicated because there are |N |! orderings of INI households. More detailed
examination is needed about the Shapley value application in our model.



36 A Pricing Method for the Electricity from Renewables to Be Used After Feed-In... 469
36.5 Conclusion

We proposed a new method of how the surplus electricity from PV generation is
priced for a group of households. The worth of a coalition of households was defined
as the minimum between the export of surplus electricity and the import of electric-
ity. The core and the Shapley value were calculated. More detailed investigation is
needed for practical use of these methods.
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Chapter 37

Disclosing the Immaterial Resilience
of Sustainable Architecture for a New
Renovation Processes of the Inland
Mediterranean Areas

Antonella Trombadore

37.1 The Immaterial Resilience as New Driver
for Sustainable Renovation

Ecosystems and Mediterranean environmental assets represent a heritage on which
to develop knowledge about living by stimulating the cooperation capacity on
themes of a sustainable development for regional identity evolution. It is about the
distinctive architectural, climatic and cultural elements to which research centres,
academia, companies and public administrations must aim to boost competitiveness
on an international scale. The inland areas of Mediterranean regions are character-
ized by high levels of biodiversity and often are placed in fragile contexts. At the
same time, they are objects of great economic and political interest, and therefore
they are generally identified as the projects difficult to manage, in terms of planning.
The small towns of the hinterland are still today chests full of stories, memories,
symbols, which, in recent years, have undergone a process of transformation, often
uncontrolled, which has altered the profile and urban structure.

Through the years, a lot of small inner small towns, especially in Italy and South
Mediterranean countries, had suffered heavy phenomena of exodus in order to
supply the lack of development opportunities and possibilities. This had caused a
deep demographic impoverishment, with serious negative consequences on the
public building heritage and economic-cultural activities of historical settlements.
This depletion, together with the inadequate of skills and services management,
contributes to reduce further the living “attractiveness” of these areas that instead
have great potentialities thanks to their “uniqueness”, belonging to the extremely
beautiful surrounding landscape and the artistic and cultural value of their small
villages.
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The sustainable development approach has generally oriented the choices of
architectural design as well as the dynamics of urban transformation, mainly focus-
ing on the technological solutions, technics and material. After the last disasters’
experience in the European countries (seismic hazard in Italy, floods in central
Europe, fires in Portugal, etc.), the public and scientific debate stressed the need to
enrich the meaning of resilience.

If we analyse the problems of the sensible contexts, characterized by the large
cultural heritage, by the environmental fragility and by the strong anthropic pres-
sures or depopulation (touristic and archaeological areas/the inner villages), beside
the material capacity of the cities and buildings to react to the disasters, it has
emerged the same priority to implement the meaning of the resilience including in
a new holistic approach also oriented to the immaterial issue.

In order to promote the balanced quality of the cities, to ensure both environmen-
tal and social sustainability of built environments and to implement the regeneration
of small towns and buildings, the enhancement of immaterial resilience has to
become the new driver of the holistic approach, not only for the rehabilitation after
disasters but to avoid immaterial damages.

In this framework, we need to stimulate the international scientific debate to
analyse and implement the new integrated approach based on the main matter of
immaterial resilience, fostering not only the communities’ capacity to take care
and regenerate their habitat from an architectural point of view but also their
aptitude to preserve the socio-economic context and the specific cultural identity
(Fig. 37.1).

Fig. 37.1 General view of Seggiano, in Tuscany, typical small village in inner Mediterranean area
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37.2 The Identity of Local Architecture as Resilient,
Adaptive, Sensitive to Change

Together with the implementation of local activities and the encouragement of new
way for the revitalization of small realities, there is the necessity of individuate and
develop new scenarios of innovation to support communities in inner settlements
and to promote the competitiveness of small and medium companies; the vocation
on territorial innovation raises through material and immaterial interconnectivity,
linking together socio-economic development implication and local attractiveness.

There is also the necessity of aim to the accessibility and safety, using environ-
mental and ecological aspects as leverage, to reach a complete integration between
places and infrastructures, in a developing model in which the man (communities)
can be less “costumer” and more “user”. This model has to be the more interactive
and integrated as possible, in order to individuate new viewpoints of operability in
a well-rounded perspective.

In this sense the importance of local architecture (as vernacular architecture) is well
seen; in a world of hyper-technological solutions for every aspect of life, there’s the
need of coming back to simplicity. As well-known at all levels, the architecture of the
past in every single part of the earth teaches us optimal solution for the local problem-
solving. In every specific context at every requirement corresponds a real approach
that leads to a particular solution. Also, in the name itself “vernacular” (from the Latin
vernaculus which means domestic, familiar), term coined for the first time in 1964 by
Bernard Rudofsky in his “Architecture without architects” [1] is clearly evident the
message of this type of method: all the problems regarding the primary necessity of
most communities (first of all the need of repairing from weathering, feeding, sleep-
ing, living together) are strictly related to the place where it grows. It can be seen as an
answer to all the social and environmental requests. In this sense, we need to be aware
of a simple but not trivial assumption: the vernacular architecture, just because of its
adaptive character, deeply linked to the construction (in its most imminent meaning),
possesses a strictly fragile character but not in the weak sense (as the term might sug-
gest) but rather resilient, adaptive, sensitive to change. It corresponds to a vision of the
world (proper to every human group), declined according to particular needs.

These characteristics suggest an idea of architecture (understood as technique,
constructive wisdom), absolutely strong and capable of giving a strong message of
identity. In contrast to the standardizing tendency of the modern vision of the world
(the great metropolises are an example), we try to give new life to an idea of indi-
viduality based on the enhancement of uniqueness; uniqueness of the small realities
of which the Mediterranean area is full, which, however, are likely to remain crushed
forever. In this sense, this idea can be extended to all fields of knowledge, in order to
create a model (continuously evolving precisely because of its empirical character)
economically and socially sustainable in order to revitalize the most depressed areas
of the hinterland. This model can trigger virtuous processes that could be repeated in
subsequent experiences, so as to create a real network between the various realities,
focusing attention on the theme of tourist enjoyment (Figs. 37.2 and 37.3).
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Fig 37.2 Traditional
approach of tourism
development with street
market of handcraft

Fig 37.3 Example of
Albergo Diffuso as new
approach of tourism
development

37.3 New Hypothesis of Renovation Processes for the Inland
Areas of Mediterranean Countries: The Vivimed
Project Experience

Recently it has been assisted to a general tendency to the growing of touristic request
in the inner Mediterranean areas, as well as a crescent research of high-quality
services (especially for the quality of life and wellness during the travel). These
aspects have led to a major awareness of what the traveler wants to find in the place
that has chosen, making the vacation a real “experience” based on particularity.
Nowadays people (thanks the opportunity given by the Internet and media) can be
aware also of the importance of ecosystems preservation, natural and cultural
resources and of the possibility of having a real 360° involvement. The key action for
the renovation of the small realities in the inner villages of Mediterranean areas, as a
consequence the revitalization of small village buildings countries, has to be found
in the solutions given by the vernacular architecture, that is, the real way to find sus-
tainable and responsible answers to the abandonment and death of these places [3].
Among the positive aspects that involve thinking about the territory as an environ-
mental system capable of resilience, one of the main is the reference to an organic vision
that allows integration, enhance and direct towards common objectives, solutions and
interventions that, alone, risk to create discontinuity. In a dialogue with the different
stakeholders, we share the idea of a “eco-sustainable territorial development model”,
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Fig. 37.4 The logo and web page of Vivimed project and the announcement of living lab program

aiming to combine architectural features solutions to new productive, tourist and
commercial functions [4]. It will be important to identify the possible drivers of revital-
ization and imagine the profile of communities capable of triggering the proliferation of
a network of social relations (stimulating new economic connection with the local pro-
ductive fabric) and at the end to redevelop its existing building heritage; these are to be
considered the first steps to start a regeneration of the anthropic fabric and a sustainable
use of the territory (Figs. 37.4 and 37.5).

The Vivimed is transnational cooperation project financed by Interreg Programme
It-Fr. The activities focus on the enhancement of common, tangible and intangible
assets, both in this regard to their natural potential (sun, wind, sea, water, land,
habitats, plants, animals, ecosystems and landscapes), both in terms of their cultural
heritage, which over the centuries has strengthened their uniqueness and the territo-
rial identity. This is the basis for the dissemination of a competitive model, for the
development of a network of eco-green infrastructure and sustainable use. A model
that can be exported to other contexts present in the Italian and Mediterranean hin-
terland, where naturalistic potentialities and resources linked to the authenticity of
the places are dominant, but not adequately valued in the logic of a green-circular
economy (and/or conscious tourism) [5].

The research on the method can be focused on a strongly transversal sector: the
tourism/fruition sector. The mapping of the tourism SMEs active on the territories is
elaborated to analyse their profiles and services, as well as the typology of the recep-
tive structures (farmhouses, B&Bs, widespread hotels in the historical villages).
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Fig. 37.5 Architecture renovation for the Albergo Diffuso Sotto le Cummerse, Locorotondo
Puglia—Italy

To elaborate the scenarios of innovation, the sectors potentially complementary to
the tourism sector, often not considered, as agricultural activities and related historical-
building heritage (crushers, mills, chestnut dryers, etc.), floriculture activities and for-
estry, fish farming in the vicinity of rivers, industries or their historical branches
related to the territory (educational path via della carta [the paper road] developed
with the paper industry in Lucca), craft enterprises (carpentry, glassworks, etc.) or
activities completely extinct but of elevated archaeological-cultural interest (system
of the icehouses, obsolete after the invention of the refrigerator) will also be included.

Innovative scenarios will be developed for the integrated and multi-theme tourist
offer, according to the specificity of the hinterland territories, also in collaboration
with regional trade associations and agro-food and social cooperatives and their
consortia, through:

— The enhancement of the territorial resources for the development of an integrated
and multi-theme tourism offer, flexible in the themes and methods of develop-
ment by the type of user (e.g. single, families, old people)

— The configurability of the type of involvement with the desired territory: experi-
ential, social, naturalistic/sporting, cultural, historical, artistic tourism

— The promotion of innovative forms of hospitality such as the widespread hotel,
network of bike hotels, hospitality in parks (e.g. zero-impact accommodation
facilities) and pathways of ecological brands

— The enhancement of educational aspects as promoters of the environmental theme

— The rethinking of the seasonality of tourist packages to ensure affluence through-
out the year (e.g. promotion of events related to agricultural activities, e.g. col-
lection of grapes, olives and chestnuts by combining landscape/cultural routes)
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— The activation of partnerships with marinas and terminals of sea ports, cruise
activities and tourist villages along the coast through rural tourism packages/
excursions

— The promotion of a model of infrastructure recovery (road network, paths, inte-
grated village/territory/landscape systems, historic buildings) and construction
of green structures to support tourism

Through a process of cross-fertilization, it could be easier to reach a convergence
of territorial development policies that increases the advantages of the alignment of
the respective socio-economic systems. In this way, a virtuous process which will
lead to the revitalization of the territory could be triggered on the other favours an
improvement in the competitiveness levels of local SMEs operating in the green-
circular economy chain, focusing above all on technological innovation, multicul-
tural inclusion, the pursuit of quality of life and the application of the concept of
“Design for All” (people with reduced mobility, children, old people) as the com-
mon thread of the new vision of territorial and business development. To implement
an efficient and operational governance mode where all the stakeholders of the ter-
ritories in question are actively represented and involved, the project envisages a
process of public-private participation articulated within living labs that play the
role of territorial catalysts. The living labs will involve the four main actors: public
administration, local businesses, scientific researchers and the inhabitants of the
territory.

The Mediterranean hinterland has as common thread the low competitiveness of
the commercial sector and the lack of interconnections (the strong connotation of
territorial “islands” predominates with respect to the potential of being an
archipelago). The territories of the hinterland need to:

— Increase the awareness of the territorial potential and skills of SMEs in the
sector

— Diversify into the types of services and products to offer

— Specialize towards innovative, attractive and tailor-made activities and infra-
structures for end users, both in terms of services and eco-friendly reception
facilities

— Enhance in terms of the green-circular economy of the resources present in the
territory, through the enhancement of the authenticity of the historical cultural
heritage, the protection, management and sustainable accessibility to environ-
mental resources

37.4 Intangible Cultural Heritage and Tourism Development

One of the current challenges facing the tourism sector is to contribute to the
identification, protection and safeguarding of intangible cultural heritage through
tourism development.
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Fostering the responsible use of this living heritage for tourism purposes can
provide new employment opportunities, help alleviate poverty, curb rural flight
migration among the young and marginally employed and nurture a sense of pride
among community members. Tourism also offers a powerful incentive for preserv-
ing and enhancing intangible cultural heritage, since the revenue it generates can be
channelled back into initiatives to aid its long-term survival. Extremely fragile,
intangible cultural heritage must be thoughtfully managed if it is to survive in an
increasingly globalized world. True partnerships between communities and the
tourism and heritage sectors can only occur if all sides develop a genuine apprecia-
tion for each other’s aspirations and values.

Tourism interests need to acquire an awareness of cultural heritage management
concepts, ideals and practices, while heritage managers must endeavour to compre-
hend the complex phenomenon of tourism and its modus operandi. Through mutual
understanding, both can build on their shared interest in intangible cultural heritage,
in close consultation with local communities, the ultimate bearers of mankind’s
intangible cultural legacy. Intangible cultural heritage is embodied in those prac-
tices, expressions, knowledge and skills, as well as in associated objects and cultural
spaces, that communities and individuals recognize as part of their cultural heritage.
Transmitted through generations and constantly recreated, it provides humanity
with a sense of identity and continuity [2] (Fig. 37.6).

Fig. 37.6 Example of Vivimed collection and data base of the most important examples of Albergo
Diffuso, as sustainable accommodation and responsible tourism solution
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37.5 The Criteria of Environmental, Architectural
and Social Quality as Material and Immaterial
Resources Present in the Territory

As part of the Vivimed project, aimed at the definition of innovative services for the
development of the tourism sector in the Mediterranean area, it aims at the environ-
mental qualification of the Albergo Diffuso as a tool of great potential to trigger a
valorization process in the territory. Both the settlements and the communities, will
combine the principles of territorial innovation and social innovation, with a view to
a short supply chain and a green-circular economy. Actually, the regulation for the
Albergo Diffuso is being approved by the region of Tuscany where, in Article 21, the
definition of Albergo Diffuso [diffused hotel or pervasive hotel] is given and the
minimum requirements for the equipment, systems and equipment provided by the
diffused hotels and the minimum requirements for the services offered by the dif-
fused hotels are defined. In 2004 ENEA published the report for the application of
the Ecolabel mark to tourism services: objectives, principles and main experiences
in progress. In particular, we analyse the most successful international experiences
in order to demonstrate that careful and aware environmental management does not
necessarily involve burdensome commitments but rather a greater attention to qual-
ity and the choice of measures and actions that may prove interesting in order to save
money, local economic and return image.

The national association of Legambiente Turismo Bellezza Natura has already
published in 2015 the Decalogo for tourist accommodation facilities in rural areas.
Large operators and networks are launching awareness campaigns towards environ-
mental “qualification”, as EcoLeader of TripAdvisor who wants to promote the
industry’s leading facilities in ecological initiatives, launching an excellent system
to show travellers the commitment to implement environmental initiatives and to
attract potential customers.

Thanks to the results of Vivimed project, we try to enrich and integrate minimum
requirements in the Albergo Diffuso regulations with the criteria of environmental,
architectural and social quality, stimulating the networking of material and immate-
rial resources present in the territory: the criteria selected by Vivimed project are
declined at different scales:

— Territorial scale, enhancing the natural, historical and cultural heritage and the
potential for networking of accommodation capacities.

— Urban scale (historic villages), focusing on the persistence and homogeneity of
the urban microsystem, its morphological characteristics and architectural qual-
ity, environmental and social sustainability, management of accessibility for all,
of soft mobility, the conscious management of natural resources (green water—
soil-renewables and green energy) and handmade resources.

— Building scale: enhancing the persistence of homogeneity of typologies, the mor-
phological characteristics of historic buildings, construction technologies, use of
local materials and vernacular architecture solutions for energy efficiency.



480 A. Trombadore

Fig. 37.7 Santa Fiora
Village in Tuscany. View
of rehabilitation actions of
courtyards, towers, walls
and house buildings,
according to the
valorization of
environmental performance

— Horizontal scale for cross-fertilization of intangible resources, crossing and
combining services and networks, giving added value to an integrated system of
services and experiences already active in the territory and focusing on the
protection and promotion of the local brands, typical food, cultural events and
handcrafts or networks of promotion, communication and marketing grid
(Figs. 37.7, 37.8 and 37.9).

37.6 Conclusions

The complexity of urban transformation processes, therefore, presents us today with
an ethical challenge: building in the built environment through soft and light inter-
ventions that respect the local traditions and the identity of places, heave preserving
the historical legacy for benefits of the nowadays communities. This also represents
a precious resource and a stimulus for designers, who have nothing to invent, but
who can and must tap into history, through what we can call a principle of conscious
imitation (the past that builds the future).
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Fig. 37.9 Examples of material and immaterial resources present in the territory implemented in
the touristic network
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Moreover, this enables the transitions to a sustainable approach that has a
strategic importance especially as regards the need to revitalize the territory. In this
context, a main problem to be considered in order to cope with population growth
and the consequent increase in the soil and energy consumption is to identify appro-
priate solutions able to satisfy all the new social needs and based on the sustainable
use of natural and human resources that reflect local traditions and cultural heritage.
Specially for the sustainable tourism actions, we need to implement a new inte-
grated approach based on the main matter of immaterial resilience, fostering not
only the communities’ capacity to take care and regenerate their habitat from an
architectural point of view but also their aptitude to preserve the socio-economic
context and the specific cultural identity.
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Chapter 38
Application of DC-DC Boost Converter
to Photovoltaic Pumping System

Sarah Abdourraziq and Mohamed Amine Abdourraziq

38.1 Introduction

Stand-alone PV water pumping systems photovoltaic pumping systems present a
cost-effective solution of solar energy. In the first uses, a DC motor type was a stan-
dard. Actually, the use of AC induction motor drive systems is possible to use a
more robust and less expensive motor for photovoltaic pumping application [1-4].
Also, several kinds of solar pump are existing in the literature, depending on the
application and the water sources (wells, drilling, pumping river, etc.). Therefore,
the most PV pumps used are the centrifugal and the volumetric pumps.

To improve the efficiency of the system, a MPPT algorithm is used to reach the
MPP of PV panel, periodically with the change of solar irradiation and temperature.
A variety of maximum power point tracking (MPPT) algorithms have been proposed
including fractional open-circuit voltage [5, 6], fractional short-circuit current,
perturb and observe (P&O) [7, 8], incremental conductance (INC) and artificial-
intelligence-based algorithms. These algorithms vary in their complexity, efficiency,
cost and potential applications. In high-power applications, the cost of MPPT control
is dwarfed by the cost of the photovoltaic (PV) array and power converters.

The general diagram of the studied system is presented in Fig. 38.1. It consists of
solar panel, power converter, motor-pump set and storage tank. This paper will pres-
ent a detailed definition of each component, with the presentation of the principle of
the MPPT technique (Fig. 38.1).

In the context of the energy sector, EIAs have been widely applied to large-scale
energy infrastructure projects such as those associated with oil and gas exploration
and development, coal mining and power generation and large-scale hydropower.
EIAs have been conducted on onshore wind power generation projects and are
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Fig. 38.1 General diagram of PV water pumping system

Fig. 38.2 Components of
PV panel

increasingly being applied to other renewable energy projects including offshore
wind, large-scale solar, biofuels and geothermal. Experience in applying impact
assessments to newer renewable technologies such as wave and tidal power in the
marine environment and solar thermal arrays is more sporadic. Strategic assess-
ments are increasingly important as a means of addressing the potential cumulative
effects of renewable projects as well as a higher-order approach for identifying
alternative technologies and systems designs.

38.2 PV Panel Definition

The photovoltaic generator is constituted by modules. Each module is formed by
PV cells. The solar cell represents the elementary power conversion unit (Fig. 38.2).
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Fig. 38.3 Equivalent I Rs
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38.2.1 PV Cell Based Single-Diode Model

The PV cell consists of a p—n junction based on semiconductor. The equivalent PV
cell circuit of single-diode model is presented in Fig. 38.3. It consists of a diode in
parallel with a current source and two resistors. The current is proportional to the
radiation.

The behaviour of the PV array may be described by equations follows:

I=1,-1,-1,
with
V.-q
I =1]ex J -1
d o( p[KO'TJ J
and
V+R -1
I, = :
RP
V. V+R. -1
I=1,-1)|exp 4y | A
P KT R,
where:

I, is the cell output current.

Vv 1s the cell output voltage.

1, is the saturation current.

R

K is the Boltzmann’s constant (1.3806503.1023 J/K).
T is the junction temperature.
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Fig. 38.4 Electrical circuit R,
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Table 38.1 Output
characteristics of studied PV
panel

Maximum power (P,) 310 W
Voltage at MPP (V,,,,) 369V
Current at MPP (/,,,,) 8.4 A

Open-circuit voltage (V,.) |45.8 V
Short-circuit current (/) |8.83 A

38.2.2 PV Cell Based Two-Diodes Model

The second type of PV cell model is based in two diodes. This PV cell model
consists of a two p—n junction based on semiconductor. This model presents a good
compromise between precision and computational complexity of operations.
Figure 38.4 shows the electrical PV cell based two diodes.

38.2.3 Atmospheric Condition Effect on PV Cell
Characteristics

The output characteristics of current and voltage and power and voltage depend
directly on atmospheric conditions (solar radiation and temperature). The electrical
characteristics of our studied PV panel (called Bluesun) at irradiation = 1000 W/m?
and temperature = 25 °C are resumed in Table 38.1.

The simulation results of the output characteristics of PV panel are presented in
Fig. 38.5. The simulation is realized at different value of radiations (G, = 1000 W/m?,
G, =700 W/m?, G5 = 500 W/m?) and for (T = 25 °C). The results show clearly the
influence of the solar irradiation in the output characteristics (P-V) and (I-V).
We can notice that the output power (P) and current (/) of the PV panel change
simultaneously with the variation of solar irradiance.

Figure 38.6 shows the simulation results in the second case with the variation of
the temperature at (7, =25 °C, T, =50 °C and 75 = 75 °C) for constant solar irradiation
(G = 1000 W/m?). The output characteristics show that the output power and voltage
of the PV panel are influenced by the variation of the temperature, whereas the value
of the output current is almost constant. From Figs. 38.3 and 38.4, we can deduce
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Fig. 38.6 (a) P-V and (b) I-V curves for various temperature (7 = 25, 50 and 70 °C; S = 1000 W/m?)

that the variation of radiation and temperature have a direct influence in the output
characteristics of the PV panel. This variation can be explained by the dependence
of the short-circuit current /., with the maximum current /,,,,, open-circuit voltage U,
and maximum voltage U, on the solar irradiation and cell temperature. The rela-
tionships between the different parameters of the PV panel with solar irradiation and

temperature is given by:

38.3 DC/DC Converter

The device responsible for maintaining the photovoltaic generator on the maximum
power point, MPP, is the DC/DC converter, Fig. 38.7. This component is used as an
adapter between PV generator and motor-pump set and characterized by that the
output power is higher than the input. The equation characteristic of the DC-DC
converter is (Fig. 38.8):
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Fig. 38.7 Electrical circuit of DC-DC boost converter
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Fig. 38.8 (a) Output voltage of the DC-DC boost converter for V,,, =3 V and @ = 0.5. (b) Output
voltage of the DC-DC boost converter for V,,, =3 Vand a = 0.7
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where ton corresponds to the total time interval where both switches are closed
(ton = AT). Accordingly, with D and the high frequency transformer turn ratio n (1),
it is possible to adjust the output voltage (E) as follow.

38.4 Maximum Power Point Technical Research

MPPT algorithm consists of some techniques used to track the MPP of PV panel,
and try reach it with the periodically change of solar irradiation and temperature.
An important improvement in energy utilization can be achieved by using a simple
DC-DC converter controlled by an MPPT algorithm, reducing the required size of
the PV array for a given power output. Several researchers have given attention to
those techniques. Some techniques are based on one sensor (open-circuit voltage
method, short-circuit current method...), and other techniques are based on two
sensors (perturb and observe (P&O) technique, incremental conductance (IncCond),
P&O with fuzzy logic...).

The simplest and cheapest MPPT control operates the PV array at a constant volt-
age [3] equal to its standard test conditions (STC) MPP voltage provided by the
manufacturer. This approach ignores the effects of solar radiation and temperature
changes on the MPP voltage. The utilization efficiency can be further improved, at a
small increase in implementation cost, by employing a hill-climbing MPPT tech-
nique. These are simple algorithms that do not require previous knowledge of the PV
generator characteristics or the measurement of solar intensity and cell temperature.

The most commonly applied hill-climbing MPPT technique is the P&O algo-
rithm. The P&O algorithm perturbs the operating point of the PV generator by
increasing or decreasing a control parameter by a small amount and measuring the
PV array output power before and after the perturbation. If the power increases, the
algorithm continues to perturb the system in the same direction; otherwise, the
system is perturbed in the opposite direction. The direction search of the MPP and
the algorithm of this method are presented in Fig. 38.9a, b.

38.5 Model of PMDC Motor

Several types of AC and DC motors are available for PV pumping systems. The
motor choice depends on many factors: requirements of the size, efficiency, price,
reliability and availability (Fig. 38.10).

Among the different kinds of DC existing motors, the permanent magnet motors
(PMDC) are the most commonly used in PV pumping systems. They provide a high
torque at the start. Brushed motors are rarely used, because their brushes should be
changed periodically, and pump must then be removed of the drilling for changing
the brushes. Mathematical relationships that describe the model of a DC motor are
expressed as follows [7]:
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Fig. 38.10 Variation of Q
water flow depending on
rotation speed

W

U =RI+ E : terminal voltage of the armature
E = K xw : electromotive force

Te = K'x I : electromagnetic torque

where: K’ is the constant torque, @ is the magnetic flux through the turns, K is the
constant of electromotive force, R armature resistance and w is the angular speed of
the rotor. The flow rate of the pump is proportional to the rotational speed of the
motor:

38.6 Solar Pump

The choice of solar pump depends on the application and different water sources
(wells, drilling, pumping river, etc.). In photovoltaic pump, the centrifugal and the
volumetric pumps are the most used [8]. The centrifugal pump considered in this study
applies a torque proportional to the square of the rotational speed of the motor:

Tr = Kc *xo”

where Kc is the proportionality constant [(Nm/rad s!)*] and @ is the rotational
speed of the motor (rad s71).
Any pump is characterized by its output power, which is given by P = Pu x n
with:

Pu=pxgxHxQ

where 7 is the overall performance, p is the fluid density (kg/m?), g is the gravity
acceleration (m?/s), H is the height of rise (m) and Q is the water flow (m¥/s).

The operating point of the motor pump is located at the intersection between the
mechanical characteristics of useful torque of motor 7u = flw) and resistive torque
of pump 7r = flw).
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The flow rate of the pump is proportional to the rotational speed of the motor;
however, at start we must have a minimum speed to obtain a flow [6].

38.7 Storage Tank

The methods and materials used to construct the tanks vary according to the local
qualifications and materials available. The main materials used in the construction
of storage tanks are:

* Ferro-cement

e Masonry or concrete blocks

e Concrete reinforced with bamboo
e Plastic

¢ Iron or galvanized sheet

Ferro-cement tanks are the most used. Their main advantage is that they consist
of commonly available materials (cement, sand, water, wire). Their construction
requires manual effort, so that users can help by using basic tools. They are usually
cheaper than other types of tanks and their durability has been proven. Reports
indicate frequently reservoirs of more than 25 years of use. Construction techniques
require few materials, compared to traditional concrete tanks. The minimum
thicknesses are 2 cm for a height of 1 m and 4 cm for a tank height of 2 m.

Finally, new tanks made entirely of plastic can be used for small applications.
For example, a Ghanaian firm now produces a tank called “Polytank” with dimen-
sions up to 5 m®. In developed countries, larger plastic tanks are also used for the
storage of water.

38.7.1 Distribution Networks

The construction of a distribution network that must bring the water from the reser-
voir directly to the users requires the services of a professional. Care must be taken
to ensure adequate water pressure and circulation throughout the system. However,
there are software packages that design of such systems. Networks connected to
solar pumping systems are usually simple and small. Since 1985, the World Bank
has developed software to assist in the design of simple distribution networks.

38.7.2 Irrigation Canals

For small irrigation systems, the irrigation canals are simply dug on the ground and
covered with clay soil, on the ground. For larger irrigation systems, with main and
secondary channels, the channels are often made of concrete to counter erosion and
reduce losses due to infiltration.



38 Application of DC-DC Boost Converter to Photovoltaic Pumping System 493

38.8 Conclusion

The use of photovoltaic pumping has increased in the recent year, for irrigation and
for personal uses. Therefore, it exists always the problem of efficiency and the
beneficial structure. This paper shows a definition of the components of the PV
pumping system and presents the MPPT techniques used to improve the efficiency
of the system.
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39.1 Introduction

Photovoltaic systems are considered lately as a solution to reduce the air pollution
and the greenhouse effect [1]. Besides, using these systems can reduce the depen-
dence on fossil fuels especially oil, which will protect the oil-importing countries
from its prices fluctuations [2]. Although the PV systems have low electrical effi-
ciency less 20%, it can generate electricity to high levels as megawatts [3]. Many
researchers have studied the possibility of using PV cells to operate clinics in remote
areas [4], pumping systems [5, 6], communication towers [7], and street lighting
[8]. PV systems suffer from low efficiency due to many variables that affect the PV
technology, such as geographic location and its topography, cell orientation, cell
technology, and environment conditions [9]. These factors include temperature
[10], humidity [11, 12], wind speed and direction [13], intensity of solar radiation
[14], accumulation of dust and dirt on the cell [11]. Several approaches have been
used to investigate dust in the last decades [15]. The question of physical properties
(such as size, shape, morphology, and composition) [16, 17], chemical (e.g. dust
type and its constituent elements) has been discussed for dust in many studies [18].
Many researchers have investigated all the variables that affect PV cells and their
relationship to the dust accumulation and their mutual influence on the productivity
of the system [19-21].
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Studies of Refs. [22-24] are considered pioneers in the field of testing and testing
the effect of dust accumulation on the performance of solar cells. Sayegh investi-
gated the effect of accumulated dust on solar cells in Kuwait and studied the effect
of the tilt angle on the accumulation of this dust. Shubakshi has done a numerical
simulation of accumulation of artificial dust such as cement, carbon particles, and
limestone with diameters of 10, 50-80 pm, respectively.

Reference [25] experimentally studied the low efficiency of a photovoltaic sys-
tem due to the accumulation of dust on the surface of the panels. Experiments were
performed using different types of PV techniques, using solar simulations within the
laboratory. The results obtained confirmed that the accumulation of dust affected the
solar cell output voltage. The very high or very low density of the solar radiation
intensity caused a significant reduction in the efficiency of the PV unit. The change
in cell technology causes dust deposition effects to be different. The study observed
a faster decrease in the performance of the polycrystalline silicon coated with epoxy
PV module by dust accumulation than the other studied techniques.

Reference [26] studied the impact of human activities on the desertification dilemma
in Iraq that led to increase the dust storms in this country. The study evaluated the specifi-
cations, causes, and types of accumulated dust. The analyses of the impact of physical and
chemical aspects for the Iraqi dust on the PV systems were measured. The study conclu-
sion revealed that PV systems outcomes are affected negatively by the dust deposition.

Reference [27] studied the outdoor conditions and their influence on air pollution
and dust deposition on PV module. The study results clarified that the PV module
outcomes deteriorated because of dust and traffic’s air pollutants suspended in air.
The exposure of the PV panels to outdoor conditions caused a reduction of 12% in
the generated power, when the panels were exposed to outdoor conditions for
2 months without cleaning. At the same time, the panels naturally cleaned by rain
and wind lost about 8% of its performance compared to the clean panel.

Reference [28] examined the reasons for the deterioration of the PV system’s perfor-
mance due to the accumulation of dust and the differences that result from changing the
type of the solar collector, geographical location, local climate, and exposure time to
external conditions with no manual cleaning. The researchers also studied the advantages
of cleaning the PV systems using manual, natural, passive, and automatic methods.

The study aims to investigate the effect of the physical properties of the dust particles
accumulated on the solar cell that were collected from variable locations in northern
Oman. The study will examine the effect of the size and engineering form of the accu-
mulated dust on the performance of photovoltaic systems. The effect of dust accumula-
tion on experimental photovoltaic output will also be assessed inside the laboratory.

39.2 Studied Region

Oman is in south-west Asia and in the south-eastern corner of the Arabian
Peninsula. Oman has a long coastline of 3165 km from Ras Darbat Ali near the
southern Yemeni border up to the Strait of Hormuz in the north (Ministry of
Tourism). Figure 39.1 shows a map of the Sultanate of Oman [29]. The population
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Fig. 39.1 Map of Sultanate of Oman [29]

of Oman, in 2010, was around 3,174,000, including 1,156,000 expatriates. As for
housing units in this country, it reaches a total number of approximately 540,770.
Individual house and apartments in buildings are included in this number (statistical
yearbook). Oman’s area is 309,500 km?, which made its population density at
2010 about 9.3 inhabitants per km?. This country population annual growth rate is
approximately 4.4% [30]. The Omani government did its best to able most of the
Omani population to have access to electricity. However, till today, in some parts
(rural and remote areas) of the country, the people there have difficulties to access
to the electric grid [31].

Oman is in the Sunbelt area making it perfectly suited to this type of solar appli-
cation. Its geographic location allows it to receive higher solar energy than many
regions of the world. Oman has a clear sky (about 342 days/year) [32]. In this coun-
try, there are many rural and remote areas characterized by being desert areas where
sand and dust storms occur continuously most of the year. The deposition of dust on
PV panels results in a deterioration in electricity production [33].
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Al Batinah is home to about 55% of Oman’s population [34] and consists of 12
administrative districts and two of Oman’s largest industrial zones. In this study,
volatile and accumulating dust was used for the following areas: Sohar, Wadi Al
Mawal, Loy, Awabi, Rustaq, Nakhal, Barka, Suwaiq, Khaboura, Mina, Siham, and
Shinas. The studied area is a coastal area extending from a coastal maid in the north
to Ras Al-Hamra in the south. The Al Batinah location makes it between the Oman
Sea from the east and the mountainous area to the west, and the distance between
the coast and the mountains is about 25 km.

Sohar is the main industrial hub in the region and is about 230 km from the
Omani capital, Muscat, the second largest city in Oman after Muscat. For regions
receiving the highest solar radiation in Oman, Marmol can be considered the first,
followed by Fahd, Sohar, and then Giron Hareti [35]. Heavy dust storms are
frequent in the interior because of the protection of the mountains, although the area
is surrounded by dusty desert areas. The physical properties of volatile dust vary
from one region to another depending on the geological composition of the dust
source in addition to the local climate conditions of course [36].

39.3 Experimental Setup and Results

Several experiments have been conducted to verify the effect of physical properties
of dust on the performance of photovoltaic units. Air conditioning was provided in
the laboratory to maintain a temperature of 25 °C, while relative humidity (RH) was
measured at around 45%. Four tungsten halogen lamps, 1600 W, were used for the
solar simulator to produce a maximum light intensity of around 850 W/m?.
Experiments were conducted in three main axes: The first part concentrated on col-
lecting dust from variable locations in Oman; these locations included Sohar,
Muscat, and Al-Buraimi. The samples collected from accumulations of 1 m?
horizontal glass sheets and for a period of 3 months. The collection was done on
weekly basis, using a small plastic container. After dust was collected, it was tested
and evaluated for its impact on PV performance. The tests conducted on the
samples aimed to study their physical properties, as described below.

39.3.1 Particles Specific Gravity

The standard BS 1377-2:1990:9.3 was used to test the physical properties of the
dust [37]. Equation 39.1 evaluates the particle density, p,, which is the mass ratio
of a given volume of material to the mass of an equal volume of water:

(39.1)
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where m,, m,, ms;, and m, are the masses (in grams) of the gas jar and round plate;
round plate and soil; round plate, soil, and water; and round plate and water,
respectively.

A gas jar (1 L with a rubber cap) was used, a round glass plate used to cover the
gas jar, a balance, a thermometer, and a drying oven capable of stabilizing the tem-
perature between 105 and 110 °C in experiments to find the specific density of the
dust particles.

39.3.2 Surface Properties and Particle Shape

The geometry of the dust particles was determined using the Mohs hardness test. In
this test, the scratch resistance of the dust sample is compared with ten reference
metals of previously determined hardness based on the Mohs hardness scale.

39.3.3 Moisture Content, Plastic Limit, and Liquid Limit

Dust is classified based on its water content to four basic classifications: solid, semi-
solid, plastic, and liquid. The geometric characteristics, the consistency of the dust,
and its behaviour vary depending on the classification within which it falls. The
limits of these classifications are defined by changes in the dust behaviour. These
classifications can determine the quality of the dust and its impact on the area sur-
rounding the accumulation area. The dust expands when wet with water and keeps
a small amount of water. The ability of the dust particle to absorb water and expand
the size depends on the type of atoms forming it.

The liquid limit represents the highest moisture content followed by the plastic
dust and then the semi-solid dust. Finally, the steel is known as the difference
between the liquid limit and the plastic limit as the plasticity index. This test is used
for all samples. The tools used in checking liquid limit are the porcelain dish, flat
slitting tool with scale, glass plate, balance, spoon, bottle filled with distilled water,
and drying oven set at 105 °C. Moisture content is expressed by the mass of water
to the mass of solids in the sample.

M
w="Y%100% (39.2)
M

S

where w, My, and My are the moisture content, mass of water, and mass of solids in
a soil sample, respectively.
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39.3.4 The Analysis of the Grain Size

The grain size of soil is checked using sieve and hydrometer scale tests. Table 39.1
shows sieve measurements used for grain size analysis. A sieve vibrator was used to
distribute the grain regularly. Also, the following devices were used: a balance, a set
of sieves, and brush cleaning. The hydrometer test was used to check grains sizes
less than 63 pm, as most of the dust particles in air in the desert and arid regions are
less than 63 pm. The criterion was followed using 1999: 13.3—-1990: 9.3 standard for
grain size analysis with sieves and hydrometer scale [37].

In the second part of the practical experiments, the dust was distributed homoge-
neously on the surface of the photoelectric panel to estimate the effect of accumulat-
ing different types of total dust present on the performance of the unit. In these
experiments, one photovoltaic panel was used.

The tests showed that the dust accumulates and aggregates more when moisture
content is high. The greatest challenge in practical experimentation was the redis-
persion of dust to produce the same natural distribution. Ensure that the accumu-
lated dust is not accumulated due to moisture content by using a vibrator for the dust
contained in the plastic container. The vibrator used in the experiments was type
Jamie Orbit Shaker Oven —80 °C with a vibration speed of 10-400 rpm. In the
second part of experiments, the natural conditions are re-represented by redistrib-
uting the dust in a manner like the natural accumulation on the PV panels by placing
a vibrator under the back of a vibrating plate for several minutes to ensure a regular
distribution of the dust. The PV panel was placed horizontally, and the dust particles
were deposited over it entirely. Table 39.2 shows the specifications of the PV mod-
ule used in the tests. The outdoor experiments were conducted in the roof of solar
cells and photovoltaic laboratory at Sohar University, where the PV module was
mounted and connected by a cable to monitor its electrical performance.

The PV module tilt angle was set to 0 degree. The accumulated dust that was
collected through a period of 3 months was tested using X-ray diffraction (XRD)
(Bruker D8 Advance) and X-ray fluorescence (XRF) (Horiba XGT-7200) to analyse
the dust contents materials. Figure 39.2 displays the XRF results. Furthermore,

Table 39.1 The used sieves Sieve

sizes Serial no. | Sieve size (holes diameter) (um) | no.
1 3350 6
2 2360 8
3 2000 10
4 600 30
5 425 40
6 300 50
7 212 70
8 150 100
9 75 200
10 63 230
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Table 39.2 The specification Maximum power (Ppy) | 125 W
of PV module Open circuit voltage (V,.) |21.8V
Short circuit current (I,) | 7.45V
Max. power voltage (V,,,) |17.2V

Max. power current (1,,,) | 7.27 A

Cell temperature (7,) 25°C
Irradiation (G,) 1000 W/m?
PV length 143 m
PV width 0.63 m
PV area 0.9 m?
SurfaceSoilFarm
uwj 1 SurfaceSol arm beri (Displacement)
| COD 90006668 02 Si Quartz
Yech | COD 2100189 C Ca 03
‘m: 1 COD 9002901 A Cal 61 Fed 13 KD 17 Mg0 43 Mn0 01 Na0 05 O 5:1.61 Augle
1m:
IIW:
|m:
= 000:
5 o]
(5] -
s00-|
ol
g | ﬁh bl o b
P WA ﬂ _Mm wrhlghadil W JJ-I.LJ; ' Mu.dm
k) 40 L] L] ™o

2Theta (Coupled TwaTheta/Theta) WL=1.54060
Fig. 39.2 XRD patterns) of collected dust in Sohar City

Fig. 39.3 shows a 50x zoom microscope was employed to investigate the micro-
scopic characteristics of Sohar dust. This is to determine the particle size of the dust.

39.4 Analysis and Discussion

39.4.1 Physical Properties

The XRD patterns of the examined dust, as shown in Fig. 39.2, contain the follow-
ing components: A,O;, SiO;, SiO,, MgO, K,O, CaO, Cr,0;, Fe,0;, TiO,, MnO,,
NiO, SrO, P,0;, and CI. The main contributors are quartz silicates (Si0,) and cal-
cium oxide (CaO), with total dust proportions of 55.79% and 30%, respectively.
Therefore, the physical properties of these two pollutants are ought to be
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Grain size analysis
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Fig. 39.3 The values of dust grain size analysis for Sohar City

Table 39.3 Values of specific gravity for dust in the studied sites

ps = (my — my)/
No. | No. of gas jar |m; my my n; (my —my) — (m3 — my)
Sohar
1 545 31.220 |80.896 |56.021 |94.041 2.13
2 315 17.969 |42.672 |28.720 1 49.041 | 2.45
3 48 16.534 |41.059 |26.607 |46.242 |2.06
Al-Buraimi
1 304 16.978 |42.190 |28.910 |47.054 | 1.68
2 48 16.534 |41.059 |26.395 |46.077 |2.03
3 45 16.025 | 40.751 | 26.485 |44.751 | 1.62
Muscat
1 304 16.978 |42.190 | 19.633 | 42.531 | 1.14
2 48 16.534 |41.059 | 18.083 |41.269 | 1.15
3 45 16.025 140.751 | 17.437 | 41.270 | 1.58

investigated, such as their specific gravity, moisture content, geometrical shape, and
grain size. The complete cleaning of the PV panel used in dust testing is essential in
ensuring proper and right measurements of the PV cell outcomes.

Water was not used in the cleaning process to avoid any cell efficiency losses
based on the conclusions in Ref. [27]. However, sodium surfactant and alcohol were
used as cleaning materials.

The density of a substance divided by the density of water is referred to as the
specific gravity of a substance. The specific gravity of the metals that form the dust
particles mainly affects the specific gravity of the dust particle, as it refers to particle
porosity. It is useful to know the constituent metal of dust to determine its specific
gravity. The accumulation of dust on PV panels has a significant impact on unit
performance because it reduces the incoming solar radiation and thus reduces the
electricity produced. Table 39.3 shows the specific gravity of the dust samples studied.
The specific gravity values of the dust collected in Sohar, Muscat, and Berymi were
2.20, 1.29, and 1.70, respectively. The collected dust from Sohar has the highest
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Table 39.4 A summary of the results of plastic and liquid limit tests for the collected dust samples

City Moisture content (%) Plasticity index (PI) Type of plasticity
Sohar 45 6.25 High

Al-Buraimi 19 2.623 Low

Muscat 35 5.25 Moderate

specific gravity compared to the dust of the rest regions, which has a relatively low
weight. Dust from these cities is easier to be removed by wind or with cleaning, and
generally has less influence on PV performance as opposed to dust from Sohar.

The results of plastic and liquid limit tests for the studied locations are shown in
Table 39.4. The range of water content, over which the soil is plastic, is described by
the moisture content, plastic limit and liquid limit, and plasticity index tests. The range
of the moisture content above which dust has entered the plastic state is indicated by
the plastic limit. Therefore, the plasticity index shows the plastic state of dust.

The moisture content in Muscat was 35.0% and for Al-Buraimi 19.0%, which can
be considered low to moderate. As for the dust collected from Sohar City, the moisture
content was high up to 45.0%, which makes the cleaning of the PV panels relatively
difficult. The results of the plasticity index (PI) in Eq. (39.3) show that the Sohar City
PI index is high (6.25) compared to the low PI index in Al-Buraimi City (2.623).

Plasticity index = liquid limit — plasticlimit = LL — PL (39.3)

In engineering, hardness is commonly defined as the resistance of a material to
penetration. The resistance of an aggregate is simply the hardness of individual
grains that are cemented or interlocked. Therefore, low degree of hardness is associ-
ated with soft aggregate particles. The weaker the particles, the poorer they cement.
Due to low dust accumulation issues, weaker dust particles impose lesser influence
on large-scale PV power plants. Based on the results of the hardness and grain
analysis tests, the hardness of all dust measured, regardless of their type, is less than
one; hence, the dust is poorly graded. This means that collected dust can be charac-
terized as smooth, very fine, and not hard. In addition, due to low effect of dust
accumulation, it cannot cause harmful cracks when accumulated on PV modules.

The overall physical properties of the tested dust samples are shown in Table 39.5.
The obtained results show large moisture content in dust from Sohar, consequently
having a large negative impact on performance of PV and cleaning methods.

The high moisture content with high plasticity index makes dust bond on the
surface of the panels, making the cleaning process difficult, and requires greater
amounts of water. The results of the tests show that the Al-Buraimi City is the most
suitable area for the use of PV panels due to the low impact of its dust as it has low
moisture content, plasticity index, and gravity. The effect of the PV panels in the
Al-Buraimi was less than that of Muscat. The impact of the accumulation of dust in
these three cities was low when compared to the impact of the dust of Sohar. Dust
collected from Muscat can be considered having characteristics located midway
between the cities of Sohar and Buraimi.
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Table 39.5 Summary of the properties of all types of dust

Moisture content Plasticity index Specific gravity Type of
City (%) (PI) (Gs) plasticity
Sohar 45 6.25 1.1 High
Al-Buraimi | 19 2.623 1.7 Low
Muscat 35 5.25 1.29 Moderate

Table 39.6 The impact of adding 100 g and 200 g from the collected dust on its resulted
performance

City Voltage (V) Ampere (A) Power (W)

Dust weight 100 g 200 g 100 g 200 g 100 g 200 g
No dust 20 20 53 53 106 106
Sohar 15.9 15.1 4.35 4.15 69.165 62.66
Masqat 17.45 16.85 4.35 4.2 75.9 70.77
Al-Buraimi 18 17.65 4.9 4.7 88.2 77.66

39.4.2 Electrical Properties

From the second set of tests, it can be observed that voltage, current, and output
power has reduced due to dust accumulation. As the dust particles were deposited
on the surface of PV module at a controlled surface mass density, measurements of
voltage, current, and power output were taken. The quantities of distributed dust
were 50, 100, 150, and 200 g. The impact of distributing dust on performance of PV
module with quantities of 100 g and 200 g is shown in Table 39.6. The power of the
PV module is at 106 W, when the module is clean. This value decreased, when
200 g of dust was accumulated on the surface, to 77.6 W.

This power reduction is significant as it approximately reached 26.79%. The
results of the test agree with the findings of Ref. [25] where dust accumulation
highly influenced /.. However, the second result does not coincide with results of
this study, which states that impact of dust on V. is insignificant. This difference in
conclusion can be attributed to differences in the size of the used PV module; Ref.
[25] implemented a module with an area of 0.015625 m?, whereas the area of the
module utilized in the current study is 0.9 m?. Moreover, there are differences in the
physical and chemical properties and weight of the dust used in these studies.

The performance of PV modules is greatly affected by the increase of accumu-
lated dust. In all cases, the increase of dust accumulation led to continued decrease
in the output of the PV module. The largest difference in output between a clean PV
module “no dust” and a dirty one “with dust” was recorded for Sohar, while the
minimum difference was recorded for dust in Al-Buraimi. All of the other dust
affected the PV performance to varying degrees.
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39.5 Conclusions

Dust accumulation causes a decrease in the PV modules’ outcomes. An experimen-
tal investigation was carried out to study the impact of variable physical properties
of dust on the PV panel. These properties included specific gravity, moisture con-
tent, hardness, and particle grain size. An accumulated dust from three Omani cities
were collected and analysed.

The results of the study showed that the accumulated dust on the photovoltaic
cell physical properties differs from one region to another. The dust of Sohar has a
high moisture content compared to the other cities. So the dust of Sohar reduces the
outcome of photovoltaic units. The dust from Al-Buraimi is characterized as having
low moisture content, plasticity index, and specific gravity.
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Chapter 40

Performance Simulations of Different
Energy Flexibility Sources in a Building
with the Electrical Grid

Reino Ruusu, Sunliang Cao, and Ala Hasan

40.1 Introduction

Energy use in buildings represents a major share of consumed energy globally [1].
On the other hand, renewable energy technologies are emerging fast and spreading
on the level of single buildings through on-site generation from wind and sun [2, 3].
Examples are photovoltaic panels (PV), solar thermal collectors and small wind
turbines. The energy price of electricity is normally fluctuating between different
hours of the day. With the use of electricity-based thermal generation (e.g. heat
pumps and electric heating elements), together with on-site facilities of small-scale
electrical and thermal energy storage, energy use in buildings can be shifted to times
when it is favourable to import energy from the grid at a lower price and export at a
higher price. This can be best accomplished by using an energy management system
(EMS), which uses optimization methods and energy forecasting to find optimum
interaction times and quantities of energy between the building’s system and the
electrical grid [4].

In this study, we present the results of the performance of a developed EMS for
the maximization of the economic benefit of the interaction of a building, which is
equipped with different means of renewable energy generations and storages, with
the electrical grid. The focus of this study is to find the effect of different sizes of
on-site energy storages in a battery and a hot-water storage tank on the building’s
energy cost.
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40.2 Case Description

A detailed simulation model is used for a single-family house including multiple
on-site renewable energy (RE) generations and storages (Fig. 40.1). The building is
a one-storey house (floor area 150 m?) assumed located in Helsinki-Finland, con-
structed according to the Finnish Building Regulation D3-2012 [5] and used by four
occupants. The RE generation is from PV panels (nominal 3.27 kW), small wind
turbine (nominal 4 kW) and solar thermal collectors (8.6 m?).

In the base case, the nominal capacity of the electric battery is 20 kWh with 60%
cycle depth, i.e. 12 kWh of effective capacity, and the capacity of the hot-water stor-
age tank (HWST) is 0.5 m?. The tank is composed of two connected comportments,
where a ground-source heat pump (4.5 kW, COP = 3) supplies heat to the lower
compartment of the HWST while an electric heating element (6 kW, effi-
ciency = 0.95) is located in the upper compartment. The lower comportment sup-
plies water at a minimum temperature of 40 °C for space heating load, and the upper
comportment supplies domestic hot water (DHW) at a minimum temperature of
60 °C for hygienic purposes (Fig. 40.2).

A developed energy management system (EMS) using an optimization-based
model predictive control (MPC) method is utilized to optimize the building’s inter-
action with the electric grid. The aim is to maximize the overall economic income
from the energy operation. The optimization method uses successive linear pro-
gramming (SLP) for continuous approximation of a non-linear discrete control
problem. The building is modelled using TRNSYS [6] and a detailed simulation

HWST
| . | DHW heating load
Tank 1t | i
: ank (upper part) :
Solar-thermal collector | ] Space heating load
— |— Tank (lower part) e =
Matutds )

Heating element

Wind turbine

Photovoltaic panels

| - 1 Other electric
Baeary loads

Export/import to
electric grid

Fig. 40.1 Energy flow in the energy system
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model written in MATLAB is used for the energy system components operation.
The EMS makes full-year simulation evaluations based on 0.1 h time step. The
simulation studies are performed using the weather for year 2015 Helsinki-Finland.
The system utilizes prior information of electricity price from the Nord Pool energy
market for that year.

Energy generation and demand forecast are assumed by two extreme methods: a
perfect forecasting, which uses the real weather data for that year, and an assump-
tion of repetition of the previous 24-h data, which is an example of a low-quality
forecasting. Any other assumed forecasting method can be considered located
somewhere in between these two assumptions.

The EMS uses the electricity price and the forecast of energy generation and
demand at the next 24-h time window. Accordingly, it produces a plan for the opti-
mum decisions for the energy system operation in those 24 h using the optimization
method. The decisions for the current time step are implemented. The procedure is
repeated in the next 0.1 h, which produces new updated decisions at the next shifted
24-h time window.

The method was used in detailed evaluation of the energy system performance.
First results were published [7], and detailed results and a comprehensive analy-
sis were then published [8], where connection to the district heating network was
also included. For a lower tariff of the energy export price compared with the import
price, the results indicate that for the past 24 h forecasting method, the imported and
exported energy cost were 271.8 € and 115.2 €, respectively, and for the perfect
forecasting, they were 216.2 € and 103.1 €. The used lower tariff for the energy
export refers to only considering the spot market price, while the higher import
price includes the transmission cost as well. This is a realistic situation in Finland
since no feed-in tariff is implemented, which, for the studied sizes of the RE genera-
tion in the house, will result in a negative yearly income (i.e. cost of energy import
is higher than the energy export).
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The energy flexibility sources are represented by the operation of the heat pump
and the electric heating element with respect to the existing loads and the available
capacities in the battery and HWST, which will aim at load shifting and higher
operational energy efficiency.

In the current study, the effect of changing the capacity of the battery and HWST
on improving the yearly income is investigated. The comparison includes six nomi-
nal battery sizes (0, 10, 20, 30, 40, 50 kWh) and four HWST sizes (0.3, 0.5, 0.7 and
1 m® with the two forecasting methods—perfect forecasting and assumption of
repetition of past 24 h. This makes 48 cases of full-year simulations of the build-
ing’s energy system operation and interaction with the electricity grid.

40.3 Results and Discussion

In Figs. 40.3, 40.4 and 40.5, we can see that the electric battery size has an expected
beneficial effect on the total yearly cost of electricity. This effect rapidly saturates
after a capacity of about 30 kWh. Looking at the electricity import and export in
Fig. 40.3, we can notice that the effect of the battery size is strongly related to
improved matching of the on-site produced electric energy with the building’s
demand, as both imports and exports are reduced. It has a better effect on the total
yearly income since a larger battery size reduces the total payment as shown in
Fig. 40.4. The accuracy of forecasting (perfect forecasting of energy generation and
demand versus forecasting based on the previous 24 h) has an effect on both imports
and exports, but its impact is stronger on the import side.

One interesting feature is that when the battery capacity is sufficient, improve-
ment of forecasting quality results in elimination of the effects of the HWST size on
electricity imports, while electricity export effects are mostly unaffected (Fig. 40.3).
This suggests that increasing HWST capacity provides some advantage in mitigat-
ing unintended electricity imports caused by forecasting errors, while electricity
export dependency on HWST size is mostly unaffected by the forecasting quality.
When looking at the electricity import and export figures individually (Fig. 40.3),
we can see that the HWST size has a small effect in terms of energy matching, but
looking at the total economic outcome (Fig. 40.4), we can notice that the effect is
inverted (except when there is no battery at all), which is an unexpected result. This
means that larger tank sizes result in a lower economic outcome compared to smaller
tanks. This effect is strongest at the performance bound of perfect forecasting but
still present when the low-quality forecasting is applied. The perfect forecasting
shows better total yearly income than the other low-quality forecasting (Fig. 40.4).
The negative values of the total yearly income in this figure refer to payments due
to lower income from energy export compared to import payment.

In the studied hardware configuration, the HWST has a very limited role as a
source of flexibility, which is caused by the fact that the domestic hot water (DHW)
utilizes heat from both parts of the HWST and the limit of the heat pump supply
temperature (<60 °C) does not overlap with the hygienic requirements of DHW
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(=60 °C). This means that in order to maximize the overall efficiency of the heating
system, the lower part of the tank must be kept as warm as possible (i.e. more use of
the heat pump) and the top of the tank be kept at the lower limit of the required
temperature for DHW (i.e. lower use of the heating element). On the other hand, the
solar heat collector is only connected to the lower part of the HWST, while the
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Fig. 40.4 Effect of storage size on the total yearly income

hygienic temperature limit is applied to the top part of the tank. This means that
using the electric heating element is necessary even when output from the solar
thermal collector is available, until the bottom part of the tank reaches the lower
limit of 60 °C. However, in a smaller HWST, the heat from the solar thermal collec-
tor can propagate more quickly to the top of the tank, where it is most needed.

Figures 40.5 and 40.6 present the individual effect of the storage on the heating
element and heat pump utilization and the average COP of the heating subsystem
for the perfect forecasting method. The tank size has a strong adverse effect on the
average electric efficiency of the heating system. The larger tank has a higher use of
the electric heating element and a lower use of the heat pump. An additional effect
arises from the fact that a larger heat tank will have a larger surface area, which
results in higher passive heat losses, but this effect is not significant in comparison
with the effect of the average COP.

Despite of its strong effect on the average COP of the heating subsystem, the
HWST size seems to have a minor effect on the financial outcome when compared
to the flexibility and matching potentials provided by the electric battery. This is
explained by the fact that the electric battery can be used for responding to price
signals by effectively shifting the overall energy demand of the system to times
with more favourable prices. We can thus conclude that, in terms of the economic
outcome, energy shifting has a more important effect compared to changes in the
overall system efficiency.
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On a closer inspection, faster propagation of solar thermal collector heat to the
top of the tank is not the only dynamic that explains the observed effects. Figure 40.7
presents an extreme example of a period from early October using perfect forecast-
ing, when daytime production of the solar thermal collector is still strong on sunny
days, but night-time space heating demand is still significant. A smaller tank (0.3 m®)
lets the bottom compartment to cool down more deeply during night, which allows
the heat pump (highlighted in the lower figure) to be used for the heating demand.
With a larger tank (1 m?®), the bottom compartment only rarely reaches the tempera-
ture limit for operating the heat pump, which only leaves the heating element as the
means for utilizing the surplus electricity from the PV generation (highlighted in the
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0.3 m? tank)

upper figure). With a smaller tank, the solar thermal collector heats the entire tank
to a higher temperature, and use of the electric heating element is entirely avoided.
Even though the heat pump operates during night, the battery allows its indirect
utilization of the daytime surplus electricity form the PV generation.
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40.4 Conclusions

The developed EMS, which is an optimization-based model predictive controller, is
shown to be effective in managing the flow of energy between the building’s energy
system and the electric grid. This is done by optimum utilization of the energy sys-
tem storages for shifting the electricity and heat demand and best interaction with
the grid.

In an energy system that exhibits strong interactions between different compo-
nents, the effects of storage size on the system flexibility are hard to assess analyti-
cally, especially in the presence of a model predictive energy management system.
In this case, price-sensitive shifting of energy consumption is more important than
improvements in the overall efficiency of the system.

The complex interactions of the combinations of heat consumption and genera-
tion modes together with a model predictive energy management system produce an
emergent behaviour, which becomes clear after some more detailed analysis of the
system behaviour. This outcome is dependent on the exclusive temperature domains
of the heat pump operation (<60 °C) and the hygienic requirements of DHW
(=60 °C) and the dual-purpose tank configuration for both space heating and DHW
use, which result in limiting its usability as a source of flexibility.

In the studied system, it appears that the HWST flexibility is smaller than the
electric battery flexibility and that the effect of the battery size saturates at a nominal
capacity of 30 kWh, which is equivalent to 18 kWh effective capacity. In addition,
it is found that increasing the HWST size has an adverse effect on the overall eco-
nomic outcome. Larger tanks result in increased use of the electric heating element
and reduced use of the heat pump, thus producing lower average COP for the whole
system. In a smaller HWST, heat from the solar thermal collector can flow faster to
the top of the tank, avoiding excessive use of the low COP heating element for
DHW use. In addition, a larger tank results in increased heat losses due to the larger
surface area. All of the above give preference to a smaller HWST.
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Chapter 41

Mathematical Modeling of Temperature
Effect on Algal Growth for Biodiesel
Application

S. M. Zakir Hossain, Nader Al-Bastaki, Abdulla Mohamed A. Alnoaimi,
Husny Ezuber, Shaikh A. Razzak, and Mohammad M. Hossain

41.1 Introduction

The trend in recent years is replacing fossil fuels by liquid biofuels. First generation
biofuels have achieved the required production rate economically. The energy
source for this generation was food and oil crops including oil, sugar, maize, and
animal fats. It is obvious that the generation and consumption of liquid biofuels will
remain the same and might grow in the near future. In general, the utilization of first
generation biofuels has formed several arguments, mainly because of their effect on
international food markets and on food security, particularly with respects to the
most vulnerable regions of the global economy. Relevant questions were appeared
about their effectiveness and sustainability of their production. Second-generation
biofuels produced fuels from the whole plant matter of dedicated energy crops or
agricultural deposits, jungle gathering remains, or lumber processing waste, rather
than from food crops. However, the production technologies for the second-
generation biofuel in the most part has not met the scales for commercial use and
not attracts with the market demand which has so far prevented any substantial
exploitation [1]. For a technically and economically feasible fuel supply, some con-
ditions must be satisfied: relatively cheap; should need low or no additional land
usage; environmentally friendly and no contribution to air pollution; and should use
minimal amount of water. Microalgae exploitation could achieve these require-
ments and therefore make an important influence to meeting the main energy
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demand and, in the meanwhile, providing environmental assistances [2]. Microalgae
are all unicellular and simple multicellular microbes, counting both prokaryotic
microalgae, i.e., cyanobacteria (Chloroxybacteria), and eukaryotic microalgae, e.g.,
green algae (Chlorophyta), red algae (Rhodophyta), and diatoms (Bacillariophyta)
[2—4]. Algae culture is of increasing value given that: (i) algae can be cultivated on
non-agricultural land using wastewater, (ii) algae can provide a high yield on a per
unit of light irradiated area, (iii) algae growth requires CO, and nutrients that can be
obtained from wastewater and fossil fuel combustion, and (iv) algae contains high
oil and starch making possible the production of high-quality biodiesel. Thus, algae
culture can contribute to CO, fixation, wastewater treatment and can be a source of
bioenergy [5-12].

Generally, temperature, nutrient (nitrogen and phosphorus) concentration, light
intensity, initial CO, concentration, and initial inoculum size are the parameters that
affect the microalgae growth rate. Among these, temperature and nitrogen concen-
tration are considered the main parameters. It is well known that models of cell
culture are useful tools to predict growth kinetics as well as better information in
aquatic resource management [13—15]. To our knowledge there is no mathematical
model for Chlorella kessleri (one of the green microalgae sp.) available in literature.
Therefore, this paper develops a mathematical model of Chlorella kessleri growth
at different temperature and nitrogen concentration. For this, both Monod model
and Arrhenius equation were applied. The development of this model could open
the opportunity to propose models of auto-mated bioprocess control and optimize
productivity at large scale, which in turn is helpful for biodiesel production.

41.2 Materials and Methods

41.2.1 Chemical and Reagents

All the solvents and chemicals used were purchased from Sigma-Aldrich, unless
specified otherwise.

41.2.2 Algae Species and Growth Conditions

The microalgae species (Chlorella kessleri) were obtained from the University of
Texas (UTEX) culture collection, USA. The media used for the algae growth is
known as Bold’s Basal Medium (BBM). The stock solutions for each component of
BBM were prepared according to the recipe listed in the Table 41.4 of Appendix
41.1. A total of 64 mL of concentrated stock solution was mixed with 936 mL of
deionized water to make 1 L BBM. The initial pH of the medium was adjusted to 7
by 0.1 M NaOH. Algae species were cultured in batch photobioreactors with
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Fig. 41.1 Schematic diagram of the experimental setup used to cultivate microalgae

PYREX 1L Erlenmeyer flasks (Fig. 41.1). The working volume was 500 mL and the
initial algal concentration was approximately the same for all the cultivation condi-
tions: 2.2 x 107 cells mL~! (obtained using a hemocytometer). The reactors were
placed on a bench where four Grolux fluorescent light bulbs (that provide an aver-
age light intensity of 65 pmol m=2 s~! measured by a LI-250 Light Meter) were
arranged above the water bath. An air mixture of 96% atmosphere air and 4% car-
bon dioxide was supplied to the cultures.

41.2.3 Quantification of Biomass

For quantification and growth studies, the product samples (1 mL each) were col-
lected every day. Optical densities were measured after appropriate dilution at
690 nm using a UV-spectrophotometer (UNICAM). The biomass (g/L) was deter-
mined based on a biomass-optical densities standard curve (Fig. 41.7, Appendix
41.1). Biomass values (g/L) were obtained after vacuum filtration of an appropri-
ate amount of sample (10 mL) at every 3 days, with subsequent drying at 55 °C
for 24 h.

41.2.4 Determination of Growth Kinetic Parameters

Algal growth kinetic data, such as specific growth rate (4 or SGR, day~") and bio-
mass productivity (P, gq L~' day™'), were calculated from experimental data by
using the following Eqgs. (41.1) and (41.2), respectively [15-20]:
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» _In(N,/N,)
Specific growth rate, g = ————— 41.1)
L -t
X -X
Biomass productivity, P = ——2 41.2)
tx - tO

where N, and N, are the biomass concentrations (g/L) at the beginning #, and at the
end 1, of the exponential growth phase, respectively; X, is the biomass concentration
(g/L) at the end of the cultivation period #, and X, the initial biomass concentration
(g/L) at 1, (day).

41.2.5 Determination of Nitrogen Removal Efficiency

The removal of nitrogen efficiency was estimated by quantifying the level of
removal (obtained by subtracting from initial to final values) from the culturing
medium. The filtrate (obtained while performing biomass dry weight) was subjected
to nitrate test using Chromo tropic acid method with acid persulfate digestion
respectively according to procedure given in Hach Company, 2015 [21].

41.2.6 Development of Mathematical Models and Validation

Mathematical model was developed to determine the quantitative linkage between
environmental parameters (temperature, nitrate concentration in the medium) and
cell growth kinetics. For simplification, prior to formulate model, the following
assumptions were made: (i) light intensity was kept constant, (ii) initial inoculum
size was kept constant, and (iii) death kinetics were ignored. First, the effect of lim-
iting nutrient (nitrate) on the growth of microalgae was described by the Monod
model as shown in Eq. (41.3) [22].

S
u—f(S)—ﬂm{KSJFS} (41.3)

where u = specific growth rate, day~!; u,, = maximum specific growth rate, day~';
S = limiting nutrient concentration, mg/L; K = half-saturation coefficient, mg/L.

The maximum specific growth rate (u,,) which appears in the Monod model is
not a function of limiting nutrient concentration, rather, it is a function of tempera-
ture and light intensity. Since the light intensity was assumed constant, the maxi-
mum specific growth rate can be a function of temperature only and it may be
described fairly by the Arrhenius Eq. (41.4) [22].
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= AeTEHT (41.4)

where A = constant, day~!; E = Activation energy, cal/mol; R = Universal gas con-
stant, cal/K/mol; T = Temperature, K.

Upon combination of Egs. (41.3) and (41.4), Eq. (41.5) was formulated, which
can describe the growth of microalgae as a function of temperature and limiting
nutrient concentration.

S
i [ — 41.5
Hode L@mw} -

The half-saturation coefficient is an empirical value which can be found by the
graphical method, illustrated in Fig. 41.8 of Appendix 41.1. Moreover, the half-
saturation coefficient depends on environmental conditions such as the
temperature.

For model validation, theoretical specific growth rates (computed using the
model equation) vs. nutrient concentrations (S) were plotted for different tempera-
ture. These figures were compared with those obtained in experiment.

41.3 Results and Discussion

41.3.1 Growth Profile of Microalgae sp. Chlorella kessleri

To characterize the time-resolved growth phase, it is important to know the growth
pattern of microalgae species Chlorella kessleri in BBM at different culturing tem-
perature. The population of Chlorella kessleri grown at 25 °C in a batch photo-
bioreactor containing BBM is shown in Fig. 41.2. One can see from this figure that

Fig. 41.2 Growth curve 0.25 -
for microalgae sp. -
Chlorella kessleri in BBM
at 25 °C in a batch ~ 0.2 -
bioreactor 3
= 0.15
)
W
= 0.1 -
‘C‘
A 0.05 -
-
0 L] T L] L] 1
0 2 4 6 8 10
Time (Day)
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Fig. 41.3 Consumption of nitrate with time at 25 °C

Table 41.1 Data used to fit the Arrhenius model

T(°C) {i[day~"] Ln ({1 UT (K™
25 0.55 —0.605 0.0034
35 0.52 —0.653 0.0033
40 0.44 —0.834 0.0032

for 3 h incubation, the growth of Chlorella kessleri was slow. The absorbance then
continued to increase until day 9 before reaching a plateau or stationary phase. The
logarithmic growth phase was observed within 3-9 days and thereby maximum
specific growth rates at different culturing temperature were determined in this
region. Limiting nutrients concentration in the form of nitrate (NO;~) was moni-
tored by plotting the nitrate concentration [mg/L] vs. time [day]. The decreasing
pattern of consumption of limiting nutrient, nitrate by Chlorella kessleri is shown in
Fig. 41.3. It is important to note that different growth and nitrate consumption pat-
terns were observed at different culturing temperatures. As such, it is important to
develop a model that describes the temperature effect on microalgal growth.

41.3.2 Development of Mathematical Model for Algal Growth

In order to obtain the parameters of pre-exponential factor (A) and activation energy
(E) in the Arrhenius model, maximum specific growth rate was calculated for each
temperature and the data were shown in Table 41.1. Figure 41.4 shows a plot of In( &)
vs. I/T. It was a straight line with the R? value of 0.7621, indicating good fit. Since in
biological system, the R? value should be more than 0.75 to validate the empirical
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Fig. 41.4 A plot of In(u,,) vs. /T

Table 41.2 A comparison between experimental and predicted maximum specific growth rates

T(0) %o (day™) % (day™) GoerTOT
25 0.55 0.56 2.2%
35 0.52 0.49 6.6%
40 0.44 0.45 4.7%

model [23]. The A and E were calculated to be 0.0077 day~! and —2537 cal/mol.
Thus, Arrhenius model was rewritten with these values as:

= 0.0077exp(12lJ (41.6)

T[K]

It is important to note that negative activation energy was observed. The probable
reason behind this is that increasing the temperature causes increase in the growth
of algae to a certain level then decrease in the growth. The model (Eq. 41.6) was
used to predict the maximum specific growth rates. A comparison between experi-
mental and predicted values of the maximum specific growth rates in terms of %
Errors is shown in Table 41.2. The maximum error between predicted and experi-
mental specific growth rate was less than 7%. Thus, the developed model was
reliable.

The next step was to incorporate both temperature and nutrient concentration
into one model. The nutrient limitation was modeled by finding the empirical coef-
ficient of the Monod equation, which is the half-saturation coefficient (K;). The
half-saturation coefficient was found graphically from plots of specific growth rate
(1) vs. nutrient concentration (), as illustrated in Fig. 41.8 of Appendix 41.1. Since
the half-saturation coefficient (Kj) is a function of temperature, its values were
determined for each temperature as shown in Table 41.3. A relationship between the
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Table 41.3 Half-saturation T (°C) K, (mg/L)
coefficient at different 25 48
temperatures
35 51
40 37
Fig. 41.5 The effect of
60 1
temperature on the
half-saturation coefficient 55 |
o Se. ‘.
— 50 .. .
= ¢
S0
E 45 1 y=-0.2067x2 + 125.6x - 19029
v R2=1
< 40 .
‘»
35 1
30 T T )
298.15 303.15 308.15 313.15
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half-saturation coefficient and temperature is obtained by plotting K, [mg/L] vs.
temperature [K] as depicted in Fig. 41.5. Apparently, a second-order polynomial
relationship (as seen in Eq. 41.7) was obtained for describing the effect of tempera-
ture on the half-saturation coefficient. It is clear from the figure that at moderate
temperature the value of K, was relatively higher than that of both low and high
temperature. Then, Eq. (41.7) was incorporated into the Monod model (Eq. 41.3),
and a resultant model was obtained (Eq. 41.8) that describes the specific growth rate
as a function of limiting nutrient concentration.

K, =K (T)=-0.2067T* +125.6T —19,029 41.7)

S
H=py, > (41.83)
(—0.2067T +125.6T — 19,029) +S

Finally, an integrated model was made (as shown in Eq. 41.9) by combining Eqgs.
(41.8) and (41.6) and it describes the algal growth as a function of temperature and
limiting nutrient concentration. This model was used to predict the specific growth rate
for any temperature and nutrient concentration. The optimum temperature and nutrient
concentration that will maximize the specific growth rate can also be measured.

4= 00077 lexp| 12762 S 419)
T[K] )| (~0.20677° +125.6T ~19.029)+ 5
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Table 41.4 Composition of Bold’s Basal Medium (BBM)

Component Stock solution (g/L) Quantity used (mL)
Macronutrients
NaNO; 25 10
CaCl,-2H,0 2.5 10
MgS0O,-7H,0 7.5 10
K,HPO, 7.5 10
KH,PO, 17.5 10
NaCl 2.5 10
Alkaline EDTA solution 1
EDTA (with 31 g KOH) 50
Acidified iron solution 1
FeSO,-7H,0 (with 1 mL H,SO,) 4.98
Boron solution 1
H;BO; 11.42
Trace elements solution 1
ZnS0O,-7TH,0O 8.82
MnC1,-4H,0 1.44
CuSO,45H,0 1.57
Co(NOs),-6H,0 0.49

Total 64

41.3.3 Model Validation

The maximum specific growth rate was calculated by model Eq. 41.6 that shows
satisfactory agreement with experimental data for all temperature. For integrated
model (Eq. 41.9) validation, predicted specific growth rates vs. nutrient concentra-
tions (S) were plotted for different temperatures, separately as shown in Fig. 41.6a—c.
These figures were compared with those obtained in experiment in the same figures.
The predicted data are relatively deviated from the experimental values indicating
fairly predictions in specific growth rate because these models are quadratic models
and are perhaps unable to describe the algal growth perfectly in all kinetic regimes.
Besides this model is solely a function of temperature and limiting nutrient concen-
tration. Other important factors (e.g., light intensity, initial inoculum size, decay
rate) that could possibly affect the specific growth rate of microalgae were ignored
during model development.

41.4 Conclusions

In the present study, a mathematical model was formulated by combining Monod
model and Arrhenius equation based on some assumptions. It describes the relation-
ship of algal growth rate with culturing temperature and limiting nutrient
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Fig. 41.6 A comparison between experimental and model prediction of specific growth rate at
different temperatures: (a) 25 °C, (b) 35 °C, and (c) 40 °C
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concentration. This model was used to predict microalgal (Chlorella kessleri)
specific growth rate at different temperatures. The apparent activation energy and
pre-exponential factors were calculated to be 2537 cal/mol and 0.0077 day~!,
respectively. The developed model agreed fairly with experimental data and could
be useful to visualize the effective impacts of temperature on outdoor algae culture.
However, to get a perfect prediction of growth rate by the model, it is important to
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develop a comprehensive model considering all possible factors such as culture
temperature, nutrient (nitrate and phosphate), light intensity, initial inoculum size,
CO, uptake rate, and death kinetics. Our research is underway in this direction.
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Chapter 42 ®)
Waste-to-Energy Solutions in Uppsala,
Sweden

Check for
updates

Mofoluwake Ishola and Cecilia Tilli

42.1 Introduction

Sweden has a long history of system solutions and policymaking within sustain-
ability, which begins with the first ban on emissions of untreated sewage in 1956
and continues with the first Environmental Protection Act in 1969. Sweden is cur-
rently one of the leading countries in the world in regard to sustainability and effi-
cient waste management systems. Recently, it was reported that Sweden will reach
its 2030 Renewable Energy Target in 2018 [1]. Currently in Sweden, waste is
regarded as an important feedstock from which useful products can be produced.
Incineration facilities have even made a business out of importing waste for energy
production from neighbouring countries. Over the past 6 years, see Fig. 42.1, more
than 50% of the household waste has been recovered as energy, 30% have been
recycled as materials, 16% has been used for biogas and compost while only 0.7%
goes to landfill [2]. Public policy and investments, research and development, inno-
vations and implementation of the European Union waste hierarchy—reduce, reuse
and recovery of energy from waste streams—have aided the realization of clean and
sustainable environments in Sweden. This paper presents an overview of strategies
used to achieve functioning sustainable systems in Sweden with a focus on Uppsala
solutions.
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Fig. 42.1 Percentage of Swedish treated waste volumes in 2012-2016 (Data Source: [2])

42.2 Applied Strategies for Sustainable Waste Management
in Sweden

The Swedish political structure, policies, legislations and the role of the municipali-
ties have played major parts in the development of the current system. Between
1952 and 1974, there was a process of decentralization of power from the central
government to the 290 municipalities. The municipalities received the responsibili-
ties for city planning, waste management, water supply, housing, public transporta-
tion, local business development, schools, kindergartens and care of elderly. This
decentralization of power has enabled the municipalities to work progressively with
sustainable system solutions. This does not only involve solving one particular chal-
lenge at a time but also creating solutions that become integrated in many parts of
the society, with a likelihood of long-term success. The system solutions require a
combination of public and private efforts [3].

42.3 Uppsala: Climate Capital of Sweden

In 2018 Uppsala, a city of 220,000 inhabitants just north of Stockholm, was awarded
as the climate capital of Sweden by WWF for the second time [4]. The international
jury appraised the approach of the municipality with system solutions and efforts
regarding sustainable mobility and investments in renewable energy and energy
efficiency.

An example of how Uppsala has approached sustainability issues is the local cli-
mate protocol, a project initiated in 2010 using the UN Climate Protocol as a model.
It is a voluntary collaboration between private businesses, public organizations and
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NGO’s with the purpose of fulfilling the local goals for reduction of greenhouse gas
emissions. The municipality of Uppsala’s climate target is that by 2020; emissions of
greenhouse gas per capita in Uppsala will have been halved compared with 1990
levels, and by 2050, emissions should be about half a ton per inhabitant. That means
energy use and transport in the geographical area of the municipality must be almost
emission-free by then. Milestone goals are set for each three-year period, and so far
the milestones have been reached with good margin [5].

42.3.1 Uppsala’s Sustainable Waste Management System

Uppsala has an efficient source separation system, whereby wastes are sorted into
different fractions close to the households. Source separation is an important part of
waste management; this act makes it easy to understand the compositional proper-
ties of the different waste streams and also to find the most suitable applications for
each waste stream. In Uppsala, wastes are sorted into the following fractions [6]:

. Organic waste such as food waste, forest and agricultural residues
. Recyclables items such as plastic packaging, paper and metals

. Bulky items such as furniture, white goods and tyres

. Residual wastes such as diapers and tissues

. Hazardous waste such chemicals, electronics and batteries

W AW N =

An example of Swedish household waste collection can be seen in Fig. 42.2.
The organic wastes including food wastes are transferred to the biological processing

Fig. 42.2 Photo of waste collection system in Uppsala with source separation for the households.
Photo: C. Tilli
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plants for biogas and fertilizer co-production, the recyclables are sent to the material
recycling industries outside Uppsala and bulky wastes are sent to appropriate
industries for treatment. The residuals wastes are treated in combustion plant for
energy recovery, while hazardous wastes are sent to the respective industries for
treatment.

42.3.2 Bioprocessing of Organic Waste to Biogas

In Uppsala, food waste, slaughterhouse waste and sewage sludge are sent to the
biogas production facility, which is run by Uppsala Vatten och Avfall, a company
owned by the municipality of Uppsala. In this facility, the materials are used as raw
materials for co-production of biogas and fertilizer in a wet digestion process.
The biogas serves as the fuel for city buses, while the remaining digestate from the
gas production is used as bio-fertilizer.

Biogas production has a long history in Uppsala, with the first production done
from sewage sludge in the 1940s. In 1996 the first gas refinery facility and fuelling
station were built and the first biogas fuelled city buses started running. One year
later the new biogas production facility was built with manure and slaughterhouse
waste as primary feedstocks.

Obligatory sorting of organic household waste was introduced in 2000. During
the first 6 years, this fraction was composted, until investments for reception of
household food waste to the biogas facility was made in 2006. Further investments
in increased capacity has been done since, and the production capacity of Uppsala
biogas facility has expanded from 9 GW/yr. in 2008 to 30GW/yr. in 2017 with the
two digesters installed. The biogas is distributed through underground pipes to the
63 stations which supply biogas to city buses and some regional buses. Private gas-
fuelled cars can also fuel up at these stations. The biogas facility is still expanding
as a new digester and a bigger waste storage was built recently [7].

42.3.3 Energy Recovery from Combustible Wastes

The combustibles and the residual waste fraction are sent to the incineration facility
in Uppsala, run by Vattenfall AB, a company owned by the Swedish state. In this
plant, mixed wastes, combustibles and residuals are incinerated in boilers for energy
recovery. The recovered energy is used for district heating, district cooling and elec-
tricity production. Of all the housing properties in Uppsala, 95% are being supplied
with district heating from the facility. The main fuels at this facility are basically
combustible household and industrial wastes. The flue gases are cleaned of hazard-
ous emissions before being released to the atmosphere. Research has been done
about the recovery of valuable metals from the ash residue [8].
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The incineration facility for district heating was built in the 1970s but was
initially run on oil until waste combustion was introduced a decade later. Until 2000
the facility was owned and run by Upplands Energi, a company owned by the
municipality. In 2000 Upplands Energi was bought by Vattenfall. Both the capacity
and the district cooling network have since been expanded, and the electricity pro-
duction began in 2010. The plant is currently investing in a completely new incin-
eration facility which will contribute to making the process completely carbon
neutral by 2030 [9, 10].

42.4 Uppsala: Centre of Innovation

Uppsala is a centre of innovation with two leading universities, Uppsala
University and the Swedish University of Agricultural Sciences. Many innova-
tions from the university’s research have been implemented commercially, often
through the establishment of private spin-out companies supported by the inno-
vation system.

In Sweden, about 8% of the state funds allocated for research targets early-stage
commercialization of research results [11]. This development from academic publi-
cations to commercial implementation is crucial to accomplish large-scale impact.
It also generates taxable revenue that can be seen as return on the governmental
investment in research.

The intellectual property (IP) regulations for Swedish researchers further
encourage private commercialization. For most employees in most parts of the
world with a job description that includes research and innovation their results, the
IP that their work generates is owned by their employer. Swedish researchers have
what is called the teacher exception, meaning they themselves own all results as
private individuals. If they choose to commercialize their results, the university has
no claim on the IP.

The two universities in Uppsala specifically encourage and facilitate efforts to
create spin-out businesses based on research. At Uppsala University, there is a
specific division called UU Innovation that is dedicated to advising and support-
ing such ventures, and both Uppsala University and the Swedish University of
Agricultural Sciences have holding companies that invest in early-stage univer-
sity spin-outs that might be too high risk for private investors. There are also
several other organizations offering free consultations, mentorship programs and
or financial support. There is Drivhuset that specializes in students’ business
ventures, Nyforetagarcentrum that is accessible to all kinds of startups and Almi
that is focussed on early-stage financing by grants, loans and investments.
Uppsala also has an incubator, Uppsala Innovation Centre, which has been
ranked number 4 in the world. There are also a number of co-working spaces for
startup companies in Uppsala. An organization called STUNS (Stiftelsen for
samverkan mellan universiteten i Uppsala, ndringsliv och samhille) functions as
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a platform for collaboration to support the development of companies in new fields.
STUNS consists of representatives of the universities in Uppsala, Chamber of
Commerce Uppsala County, Uppsala County Administrative Board, Region Uppsala
and the Municipality of Uppsala.

Since 2010, Sweden has adopted what is called “public innovation procure-
ment”, meaning that municipalities and other public entities may request new solu-
tions in public procurement processes. Uppsala is in the forefront of innovation
procurement, making Uppsala a “test-bed city”. This creates an important possibil-
ity for many clean-tech startups that would otherwise have difficulties finding a first
customer when they don’t have any previous references.

Through the support systems in place, Uppsala has become a city with a growing
number of clean-teach startup companies.

42.5 Conclusion

Sustainability strategies in Sweden has evolved over the last 50-60 years, and there
are now many examples of system solutions that involve many stakeholders and that
address several issues at once. It is primarily at municipal level that sustainable
strategies are designed and implemented. While technical solutions are of course
necessary, public policy and willingness to invest in new technology and infrastruc-
ture are also crucial success factors. Education and engagement of the public is
another central aspect.
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Chapter 43
Geo-Climatic Early-Design Tools
and Indicators

Giacomo Chiesa

43.1 Introduction

Several studies have confirmed that the energy consumption for space cooling and
ventilation is an increasingly important element in national energy balances [1-4].
Even if the increase in the efficiency of mechanical cooling systems can reduce this
consumption, alternative solutions are needed to invert the trend. Natural solutions to
passive cooling may be used to prevent, mitigate and dissipate heat gains in buildings
[5-7]. In particular, passive-heat-gain dissipation is based on the use of heat sinks,
such as air, water, ground and night sky. Unfortunately, passive cooling solutions are
climate specific and need an attentive design approach so that they can be effectively
applied to the local climate and well integrated into building design.

This paper aims to define a simple method to include, from early-design phases,
passive cooling dissipative systems (PCDS) in the design process. This method is
conceived to help designers consider PCDS as a potential set of bioclimatic
technologies which are able to reduce energy needs without compromising the com-
fort of users. The development of simple methods is crucial since the applicability of
PCDS is very local specific and needs to be considered as early as possible in the
design development process to optimise the integration of these systems. The potential
of PCDS relates to technological and geo-climatic (environmental) issues, though this
paper focuses on the latter. However, a preliminary analysis of technological issues
was reported in [8]. Section 2 of the paper describes the proposed simple methodology
that is based on a performance-driven approach. In Sect. 2.1, the performance-driven
approach is briefly defined in order to include the proposed method in a consolidated
background which is devoted to environmental and technological design. Section 2.2
defines a series of potential environmental indicators related to the local climate
potential of PCDS. Section 3 reports a sample application of the geo-climatic analysis
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of a sample set of locations in consideration of the indicators described in the previous
section. Finally, in Sect. 3.1, the method is applied to analyse the resilience of the
PCDS geo-climatic applicability under the effect of climate change. This last analysis
is used to define another environmental indicator, namely, the resilience of a specific
PCDS in maintaining its environmental potential. Section 4 is devoted to conclusions
and limitations.

43.2 Simple Methodology to Consider PCDS in Early-Design
Phases

43.2.1 Performance-Driven Approach to PCDS: Requirements
Jor Their Application

The paper focuses on the performance-driven approach to early-building design
where a detailed analysis of activities, needs and related requirements is conducted
in response to user needs without directly referring to any specific building shape or
dimension. In this very early-design phase, called building programming [9, 10],
space unit layout and technological strategies are defined to optimise a compliance
check based on a list of requirements and virtual performance. Thanks to this analy-
sis—and to the related feedback cycles—, it is possible to further proceed with the
definition of a schematic building design in compliance with users’ needs including
environmental and technological requirements. The performance-driven approach
to early-building design has been recognised in the Architectural Technology
research field since the 70’s—see [7]—and several Italian standards are devoted to
regulating this design process: UNI 7867-4:1979—now UNI 10838:1999—, which
refers to the terminology; UNI 8290-1:1981; 8290-2:1983; 8290-3:1987; UNI
8289:1981, which refers to the principal-needs classification; and UNI 11277:2008.

This approach is based on a simple process: users — activities — needs —
requirements < performances, in which the last logical passage is constituted by a
feedback cycle based on specific indicators of the performance. According to this
process, requirements can be defined as the technical transposition of needs con-
nected with the building process—see UNI 8290-2:1983—while needs are what is
needed to carry out the general execution of an activity. In this sense, PCDS mainly
refer to the classes of needs (for the complete list of recognised classes of needs see
UNI 8289), well-being (especially in relation to thermal-comfort need) and environ-
mental safeguards (rational use of climatic and energy resources). Passive cooling
systems, however, also need to be correctly integrated and operated. The main ben-
efit of PCDS is therefore the possibility to guarantee thermal comfort conditions
without consuming fossil fuels or by reducing this consumption to a minimum—
e.g. by only using fan air-movement activation (low energy solutions, hybrid). A
specific class of requirements which refer to these technologies may be introduced
and named “use of passive/low energy cooling dissipative systems”. In a previous
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work [8]—see also [11]—, a compatible class of requirements named “use of ther-
mal sinks”, together with a list of specific requirements related to technological
units and technical elements for both the environmental and the technological sys-
tem were defined. The “use of passive/low energy cooling dissipative systems”
class, however, also includes hybrid systems such as ceiling fans for comfort venti-
lation. The following table reports the previously mentioned outcomes adapted for
the proposed class of requirements (Table 43.1).

In this paper, the performance-driven approach is integrated with technological
and environmental aspects related to the usage of passive cooling dissipative sys-
tems (PCDS). Unlike the analysis of this topic that was elaborated in the previously
mentioned studies, the methodology reported here is expanded with a more precise
definition of environmental and especially climatic issues to check PCDS potential
in very early-design phases.

43.2.2 Environmental Indicators to Assess Geo-Climatic
Potential of PCDS

PCDS principally refers to four natural heat sinks in order to perform heat dissipa-
tion from a flow (e.g. air, water) and passively cool it. The four heat sinks are air,
water, ground and night sky. Nevertheless, for the purpose of this paper, only the
first three sinks are considered connecting them with ventilative cooling strate-
gies—see also [12]. The considered flow is therefore the air in all described cases.
A detailed analysis of passive cooling systems, including technologies to prevent
and modulate heat gains, is reported, among others in [5, 6, 13]. The paper consid-
ers, from a larger set of PCDS, the following technologies: controlled natural venti-
lation (CNV), direct evaporative cooling (DEC) and earth-to-air heat exchangers
(EAHX).

The CNV, considered as ventilative microclimatic cooling [14], is a class of tech-
nologies that includes three main categories: comfort ventilation, in which the acti-
vation of an air-movement near the users’ skin generates a perceived reduction in
temperature; environmental ventilation, in which external air at a low temperature is
used to substitute indoor air—air exchange; and structural ventilation, in which the
low external-air temperature is used to cool structural building masses and dissipate
the heat absorbed by them during the day when released later (this is also called
night cooling) [15].

Each PCDS under consideration acts on the perceived or real air temperature
based on the thermal sink used. In order to define the potential impact of these solu-
tions under local climate conditions, a series of indicators have been developed to
simulate the virtual effect of the specific PCDS on the external air. Thermal condi-
tions of a resulting, virtually treated airflow are then compared with comfort condi-
tions in order to study the potentiality of PCDS in reducing the original discomfort.
For the purpose of this paper, local discomfort was defined by defining the number
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of discomfort hours, calculated by counting the number of hours in which the envi-
ronmental air is above a comfort threshold temperature. The set comfort tempera-
ture can be assumed as 26 °C in accordance with other early-design studies [16],
even if different base temperatures may be considered in further design stages in
order to include the specific effect of solar and internal gains on a building—i.e.
22 °C [17], 18.3 °C [18] and 15 °C [19]. This calculation will be further imple-
mented with regard to a “virtual” airflow temperature after a PCDS treatment in
order to define the number of residual discomfort hours. Consequently, an indicator
of PCDS potential is defined as follows:

, (No. discomfort hours, —No. discomfort hours,, )
PCDS potential;, =

- (43.1)
No. discomfort hours,

This indicator is principally devoted to free-running buildings, such as residences
and small offices where no or only personal cooling systems are used. Nevertheless,
different indicators may be used to analyse the effect of PCDS as pre-cooling tech-
nologies, to be further connected with mechanical systems (e.g. AHU), or when
used in alternation with mechanical solutions, as was described in previous
researches by defining the residual Cooling Degree Hours indexes [15, 20, 21].

43.2.2.1 Controlled Natural Ventilation Strategies

The three strategies considered for CN'V technology need to be treated separately by
defining different approaches to characterise the PCDS potential indicator.
Considering the purpose of this paper, this analysis will focus on comfort and envi-
ronmental ventilation, while structural ventilation is not included. Nevertheless, the
PCDS potential of structural ventilation, which refers to the activation of internal
thermal masses that store heat during the day and release it in attenuated form dur-
ing the night in order to dissipate it via nocturnal environmental ventilation when
the external air is expected to be lower in temperature, can be estimated by using a
CDH daily balance, as was described in the previous mentioned researches.

In particular, comfort ventilation refers to the expected reduction in cooling
energy needs due to the decrease in the perceived temperature by users when they
are directly influenced by an airflow whose velocity is suggested to be lower than
1 m/s in order to prevent other discomforts, e.g. paper movement [15]. Airflow
movement can be naturally activated—i.e. wind-driven and/or stack-driven ventila-
tion—or generated by personal or ceiling fans. According to ASHRAE Handbook
of Fundamentals 1989, it is possible to predict the expected reduction in the per-
ceived temperature as a function of the air velocity. This relation can be translated
into a specific expression which can be implemented in order to calculate the air
temperature after comfort ventilation treatment [15, 22]:

9PCDS,cv =9, —2.319-v+0.4816 (43.2)
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where v is airflow velocity. Considering the early-design purpose of this indicator, a
fixed air velocity of 1 m/s can be assumed, considering that this threshold value may
be reached via natural or fan-inducted air movements. Different approaches were
described in previous researches by taking into consideration the hourly averaged
wind velocity reduced by a discharge coefficient. Furthermore, if personal fans are
considered, higher velocities may be assumed because of the possibility to orient
the flow and manually vary the velocity.

Environmental ventilation techniques refer to the possibility to exchange indoor
air for external air at low temperatures. By controlling the amount of air exchanges
per hour, by means of net opening areas and operation times, it is possible to cover
different levels of cooling requirements. However, the cooling performance is a
function of the difference in temperature between the internal and external airs—
see, for example, [7]. To represent simply the potential of environmental ventilation,
it is possible to compute the difference between a reference number of discomfort
hours, calculated with a base temperature including the negative effect of heat
gains—e.g. 22 °C—, and a higher temperature threshold, directly based on the com-
fort threshold representing the inlet air. The PCDS potential indicator for environ-
mental ventilation is therefore based on the ratio between the difference (No.
discomfort hours,, — No. discomfort hoursy) and the original cooling demand
including heat gains (No. discomfort hours,,). Of course in advanced design stages,
it is necessary to assume more complete calculation modes, including a definition of
the internal temperature while considering heat gains, such as the one mentioned in
[10] for preliminary design, or advanced balances through dynamic energy simula-
tions using, for example, software based on monozone models, such as Dial+ and
NatVent, bi-zonal, such as WindChill [7], or multi-zonal such as CoolVent, Comis
and the devoted modules of EnergyPlus and Trnsys—see the description in [12].

43.2.2.2 Direct Evaporative Cooling

The effect of direct evaporative cooling systems (DEC), e.g. downdraught evapora-
tive towers, is based on the conversion of sensible to latent heat with a fixed wet
bulb temperature [23]. Hence, the minimum theoretical temperature at which the
inlet airflow can be cooled in a DEC system is the wet bulb temperature of the same
inlet airflow. The maximum potential of DEC is characterised by the local wet bulb
depression (WBD), calculated as the difference between the inlet dry bulb tempera-
ture and the inlet wet bulb temperature. Of course higher DEC applicability is
expected in hot and dry climates. A detailed description of DEC systems is in [24],
while a process to integrate DEC systems into environmental building design was
described in [25]. Simplified approaches to DEC applicability were analysed in lit-
erature—see, for example, [26, 27]—and are generally based on an average sea-
sonal analysis. For the purpose of this paper, a method detailed in a previous work
was assumed [20].

It is possible to estimate the hourly “virtually” treated air temperature by reduc-
ing the inlet dry-bulb temperature by a ratio of the local WBD—see expression
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Eq. (43.3). This ratio is defined as the effectiveness factor of the DEC system—see the
Scott, Parson and Koehler’s formula [13].

9PCDS,dec =9, —&-(3, —~WBT,)) (43.3)

where Jpcps aec 18 the “virtually” treated air temperature after the DEC system, &, is
the air dry bulb temperature at the inlet condition (external air), ¢ is the DEC effec-
tiveness, WBT;, is the wet bulb temperature at the inlet condition (external air).

This equation was demonstrated to be effective also in describing the functioning
of a DEC tower in comparison with other simplified expressions [28]. It is therefore
possible to substitute the hourly values obtained by Eq. (43.3) to calculate the num-
ber of residual discomfort hours and furthermore define the PCDS potential indica-
tor for DEC. For a preliminary analysis, an effectiveness value of 0.5 is suggested,
in a precautionary approach, which is able to avoid too high RH%.

43.2.2.3 Earth-to-Air Heat Exchangers: EAHX

In order to define the early-design potential of buried pipes under the effect of local
climate, it is possible to refer to an approach which is similar to the one presented
for DEC systems—see Eq. (43.3). In this case, an effectiveness value of 0.5 can be
assumed considering a sample system with a tube of 50 m, a diameter of 25 cm, an
airflow rate of 500 m?/h, a depth of 2.5 m, and a dry clay soil [29]. Nevertheless, for
this technology, the theoretical limit in temperature that can be reached by cooling
an airflow by using an EAHX system is constituted by the soil temperature at the
given depth. This value is assumed to be constant along the entire length of the pipe,
and for the purpose of this simplified approach the influence of the EAHX operation
on the soil is neglected. The soil temperature at the given depth may be estimated
for each hour of the year by assuming the Labs [30] or the Hadving [7] expressions.
One can be derived from the other by assuming that the moments of the year in
which maximum and minimum soil surface temperatures are registered are specu-
lar—distance of 180 days or &. The following expression may be used to define the
“virtually” treated airflow temperature by a EAHX system [31] and consequently
calculate the PCDS potential indicator for EAHX:

19'cvasoilsurr_ _A'gs.year exp(_h %t J
9PCDS,EAHx =9, —&-| 9 ’

n ~ 005(2%)(1‘—%)—%\/%} (43.4)

where Jdpcps panx 18 the “virtually” treated air temperature; 9y, is the air temperature
at the inlet condition (external air); € is the EAHX effectiveness; 9y oi sur. 1S the
average annual temperature of the soil surface; Ad, ., is the amplitude of surface
variation of temperatures; #, is the yearly duration in seconds; 7 is the instant of
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calculation (from the beginning of the year) in seconds; #, is the phase constant
(moment when the minimum soil surface temperature is expected—from the begin-
ning of the year) [s]; a is the thermal diffusivity of the soil [m?/s]; and h is the depth
of the EAHX.

The average soil temperature at the pipe depth, the amplitude and the phase shift
can be calculated using the software SoilSurfTemp, which is also used by
EnergyPlus. Nevertheless, for EAHX, it is important to include a “virtual” control
effect on the calculation of the residual discomfort hours by choosing the best
conditions from the environmental or treated airs since, especially in midseason,
this PCDS may be not effective.

43.3 Environmental Sample Application: Mapping the Geo-
Climatic Potential of PCDS and Their Resilience

The methodology described in Sect. 2 was further applied to a sample set of 10 loca-
tions selected in the area of the Mediterranean Basin: Rome, Bari and Palermo in
Italy; Valencia and Madrid in Spain; Athens in Greece; Larnaca in Cyprus; El Cairo
in Egypt; Tripoli in Libya; and Algiers in Algeria. For all locations the Typical
Meteorological Year—TMY—was produced by using Meteonorm v.7.1—period of
reference 2000-2009 (temperatures). The WBT was calculated from DBT and
RH% of the air by using the Stull expression [32]. The soil conditions to run the
SoilSurfTemp software were assumed to be “heavy and damp” at the pipe depth and
“barren and arid” at level ground surface for all locations in consideration of aver-
age summer conditions.

Figure 43.1 illustrates the geo-positioning of the chosen locations and also
reports a classification of local CDH,c—(a). Furthermore, the number of summer
discomfort hours was also reported in Fig. 43.1b.

The “virtual” PCDS potential was further calculated for the considered heat sinks.
In particular, Fig. 43.2 reports the “virtual” PCDS applicability index for all locations
considering the four thermal sinks. Controlled natural ventilation strategies have

Fig. 43.1 (a) Classification of the local CDH26; (b) percentage of local summer discomfort hours
on the total number of hours (8760)
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Fig. 43.2 (a) PCDS applicability index for the 10 locations considering the four thermal sinks.
The percentage refers to the amount of climatic discomfort hours turned to comfort by the PCDS
under consideration; (b) absolute values of number of discomfort hours of the 10 considered loca-
tion with and without the PCDS under consideration

good potentiality but in the hottest sites (e.g. Cairo, Larnaca and Tripoli) they are less
effective. In these locations EAHX is less effective than in the others, because of the
higher soil surface temperature. Also in Madrid CNV strategies are less effective
due to higher discomfort intensity, while the average soil surface temperature is
lower thus allowing for a high potentiality for EAHX. DEC is effective in the majority
of locations according to the local hourly distribution of the WBD.

By comparing the results of different PCDS techniques it is possible to suggest
which set of systems may be more adaptable to a specific location with regard to
local climate issues. Nevertheless, other aspects reported in Sect. 2.1, related to
technological and operational issues also need to be carefully considered from
early-design stages. For example, if in a location EAHX are found to have the high-
est cooling potential but no space is available in the plot area, this technique is not
economically viable. Furthermore, especially for DEC and EAHX systems, an eco-
nomic analysis is suggested to promote the adoption of low-energy, low-cost and
effective strategies for space cooling and ventilation.

43.3.1 Resilience Analyses

This section is devoted to analysing the expected effect of climate changes on the
PCDS potential. It is important to consider this aspect because the proposed method-
ology is based on a geo-climatic analysis, and given that PCDS are very local specific
changes in local climate conditions may significantly affect their potential in mid-
term scenarios. A resilience analysis is suggested which implements the method here
described to define the PCDS potential while considering a series of morphed
TMYs—see also [33, 34]. The IPCC mid SRES scenario A1B, very rapid economic
growth and a balance across all energy sources [35], was assumed for this analysis.
Two series of morphed TMY were generated for the chosen locations by using
the well-known software Meteonorm v7.1.11—see also the software guidelines
[36, 37]—for year 2030 and 2050.
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Table 43.2 compares the number of discomfort hours for different PCDS for cur-
rent and future conditions. Finally, Fig. 43.3 shows the behaviour of PCDS potential
indicators under climate change conditions (A1B 2050). Hence, it is possible to
define a further indicator which describes the percentage of variation of the PCDS
potential under the effect of climate changes. As is illustrated in this graph, the cool-
ing needs are expected to increase in future years. Comfort and environmental ven-
tilation show good resilience to expected climate change, while DEC shows a
reduction in its potential. EAHX shows local behaviour with a reduction in its
potential in the majority of locations, although in other sites a change in the soil
surface temperature may increase its potential.

43.4 Conclusions and Limitations

The paper illustrates a method to easily define the local geo-climatic potential of
different passive cooling dissipative systems in the absence of any building defini-
tion from very early-design phases. According to local environmental conditions it
is possible to define which PCDS may be considered and designed in detail in fur-
ther design steps, thus allowing for a better integration and diffusion of these tech-
niques, which are very important in reducing energy needs and related GHG
emissions. The described method is based on a performance-driven approach that
considers technological and environmental requirements for natural/hybrid space
cooling. In addition, the paper defines a series of environmentally related indicators
which can analyse

— The impact of local climate conditions on the applicability of a specific PCDS

— The definition of a PCDS potential indicator based on the variation of the climate
number of discomfort hours

— The impacts of climate change (A1B SRES scenario) on the geo-climatic
applicability

Of course, this method is limited if compared to detailed simulation models for
each PCDS since it is based on average design and site conditions, while specific



547

43 Geo-Climatic Early-Design Tools and Indicators

18L 1101 | <68 9L6 LOLT ¥0S LL9 LT9 evL 16¢1 961 18T £8Y 98¢ 0TIl BIOUI[BA
616 ¥I18 Y081 | LTED |  0LOT €L9 S6S 9191 | SLOT | 6LLI 698 6ty PEST |  0C01 | 8L91 suayly
08¢S SL9 006 18L €rel €8¢ Ly¥y SOL 96S 6011 €01 TLT 9LL LY ¥16 Leg
L9LT| 6191 | 08L e soTe €PST|  SLTI|  ¥SS 7561 |  088C 98¥CT| 0TET | LSS 0061 | 66LT olred
8651 ov1 |  L86 ILET | ¥61C ¢8CI | 6601 | 19L 9911 | 8061 8ICI| 916 8¢8 LT | 0661 eoeuIe]
SS9 19L STl | LOTT 16S1 G801 | 8IS 8201 | 788 8I¢l s 98¢C YOIT| 686 worl PUPEIN
LL8 0c6 1S0T| #¥8 SLST €IS 9L9 ISLT | ¥€9 LLTT LSE 60S 6891 | 059 08¢1 ourered
096 898 089 9201 |  S8ST 8¢9 089 81¢ 78 erel 0€9 609 1404 968 434! QwoYy
SLET| €Tl | 8STI| €S0T| TOLT L90T| ¥991| SO00I | €81 165¢T 6861 | 6011 €56 9CLI |  S¥¥C 1odug,
068 €16 168 9001 | 6791 209 199 689 908 €LET 7SS SIS 0L9 €CL Y0€1 SIAI3[Y
XHVA 9p ‘A ‘A P XHvVA 9p A ) P9 XHVA 23p ) ) BEN uonedo|
0socdly 0€0C d1V jualmd
SAJALL 2ININJ pue JUSLINO I9PUN SINOY HOJWOISIP JO IDQUINU PIIR[NI[Ld Y], 7'€h qRL



548 G. Chiesa

aspects may generate an alteration of results. With this in mind, a precautionary
approach was followed to define the suggested effectiveness values and the chosen
boundary conditions. Furthermore, as regards DEC and EAHX, the application of
the residual CDH potential index is also suggested because they are generally used
as pre-cooling technologies coupled with AHU. In this case, their potential applica-
bility is considerably higher, because they do not reach comfort conditions directly,
but they are able to reduce the airflow temperature. For example, for Cairo the
EAHX applicability is low for free-running mode (—11% of discomfort hours),
but medium-high for pre-cooling (—54% of CDH). Furthermore, the analysis of the
effect of climate change has demonstrated that an attentive analysis of expected
impacts is essential from early-design phases, because this perturbation phenom-
enon may affect the potential of PCDSs during their lifespan. The method pro-
posed here may be used to give a general idea of the expected resilience of PCDS
techniques in future years in order to suggest potential changes in the advanced
design phases.
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Chapter 44 )
New Horizons for Renewable Energies
in Morocco and Africa

Check for
updates

Hassan Nfaoui and Ali Sayigh

44.1 Introduction

Morocco has a strategic location in the North West of Africa and is only 14 km from
Europe, across the Strait of Gibraltar. In addition, it is characterized by a varied hilly
relief (the Atlas and Rif Mountains, the Sahara, etc.) and the length of its coasts (the
Atlantic Ocean and the Mediterranean Sea constitute 3500 km of coastline). In the
Ouarzazate region in central Morocco, for example, the annual average daily global
irradiation on a horizontal surface varies from 3.86 to 7.85 kWh/m?, which means
an annual average of 7.9-11.2 h of sunshine per day. Concerning the wind potential,
the annual average wind speed, at 10 m, for the Tangier zone in the north is 10 m/s,
but for the Dakhla zone in the Ladyoune-Sakia El Hamra region, it varies between
7 and 8.5 m/s.

Morocco imports more than 96% of its energy needs and its electricity consump-
tion increases by about 6% per year. For these reason, in 2009, a large-scale solar
energy use strategy was launched by the creation of the “Moroccan Agency for
Solar Energy” (MASEN) to develop renewable energies. This politic permits
Morocco to promote regional integration between sub-Saharan African and
European countries, and strengthen the links with the main players in this sector on
a worldwide basis. Thanks to its model of sustainable development, Morocco will
be able to identify the latest innovations, energy efficiency and clean technologies.

The new strategy adopted is based on increasing the contribution of renewable
energies to the national electricity installed at 52% by 2030, and on the development
of a clean energy economy. This will enable Morocco to reduce its energy bill and
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its dependence on energy from abroad. In addition, It will limit its greenhouse gas
(GHG) emissions and fight against Climate Change (CC), consequently to contrib-
ute to the preservation of the environment.

44.2 Energy Sector

44.2.1 Energy Consumption

The Moroccan energy balance remains characterized by the predominance of petro-
leum products which represents, in 2016, 54% of the national energy consumption,
evaluated at 19.58 Mtoe. Coal ranks second with 26% (Fig. 44.1).

44.2.2 Natural Gas

Natural gas remains one of the cleanest commercial fuels. Figure 44.2 shows that
the consumption of natural gas remained almost negligible until the year 2004. It
increased significantly when the Maghreb-Europe gas pipeline was putting into ser-
vice, transporting Algerian gas to Europe (Fig. 44.3), as part of the Moroccan secu-
rity of energy supply by diversifying its energy sources.

™ 0il Products : 54
%

2 Coal: 26 %

H Natural gas: 6
%

Imported
electricity : 7 %

® Hydraulic: 2 %

Wind: 4 %

ESolar: 1%

Energy consumption in 2016 : 19.58 Mtoe

Fig. 44.1 Distribution of national energy consumption in 2016 [1-3]
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44.2.3 Electricity

Until 1996, of thermal and hydraulic origin, almost all electricity production is pro-
vided by the National Electricity Office (ONE). The gradual liberalization of the
electricity sector began in 1997, either by deprivation of refining companies or by
concessional electricity production (Fig. 44.4). The electrical power installed by the
ONE and the autoproducers is 8155 MW in 2015. Figure 44.4 shows that the
hydraulic power has not changed much since 2005. Thermal and wind power have
increased significantly since 2008, especially for thermal power.

Figures 44.5 and 44.6 show the evolution of the net electrical energy demand has
increased significantly, from 17.95 TWh in 2004 to 34.41 TWh in 2015. The contri-
bution of hydroelectricity depends on rainfall. For the same installed capacity,
1800 MW, hydroelectric power generation was 3631 TWh in 2010 and it dropped to
1816 TWhin 2012. Figure 44.6 shows that electricity consumption varies from year
to year. It Is around 6% on Average.

44.3 Renewable Energies

In its speech Royal of 30/07/2008, the King Mohammed 6, recalled that the objec-
tive of the solar plan is to increase Morocco’s energy independence. The sovereign
said: “Morocco must continue efforts to make alternative and renewable energies
the cornerstone of its national energy policy”. He added: “Morocco made the choice
of an energy transition towards sustainable, by integrating Renewable Energy
sources into its energy mix’.

In 2015, MASEN became the Moroccan Agency for Sustainable Energy. It will
be tasked to do the overall strategic planning of renewable energy projects. It will
take charge of all projects for electricity generation from renewable sources, includ-
ing feasibility studies, planning, financing, development and construction as well as
operation and maintenance. Among the concerns and objectives of MASEN, we
quote also:

— The implementation and the evaluation of the national energy strategy, in par-
ticular that related to renewable energies

— The cost-effectiveness appropriation for energy storage technologies

— The effects of the reduction of storage costs on the expectations of electricity
demand and the supply strategy of the national market

44.3.1 Hydraulic

Morocco faces imminent danger of shrinking water tables (aquifers) and drainage
of its dams. Despite the Moroccan policy to rationalize the use of water, the conse-
quences of global warming will be greater than those of other countries, like for
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example Spain and India, due to its location in a geographical area that has suffered
for years from the decline of the rains and the acceleration of the desert climate [4].
This has pushed Morocco to rethink its water policy and take into account the cli-
matic specificities of Morocco, by developing a great know-how in the field of fea-
sibility studies of dam constructions, recognized worldwide. Figure 44.9 shows that
the surface water resources are in average year at 18 billion m?®. This unequal distri-
bution of water resources over time makes it necessary to store supplies from wet
years for use during periods of drought (Fig. 44.7).
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Fig. 44.7 Unequal distribution of water in time [5]
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About that, the construction of dams has been the primary orientation of water
management in Morocco. In 2015, Morocco managed to build 139 large dams

instead of 9 in 1950 (Fig. 44.8).

For example, the Morocco’s second large dam, AL Massira shrunk by 60% in

3 years due to recurring drought (Fig. 44.9).
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Fig. 44.9 Starkest decline of AL Massira dam [4]

In addition of the development of the skills, research consultancy and Moroccan
companies, Morocco succeeded to dispose of a national competence centre that is
currently exported to foreign countries wishing to carry out studies or building dams
(Fig. 44.10).
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The hydroelectric sector has also been particularly important since 1960. The
contribution of installed hydroelectric power (1800 MW), which depends on rain-
fall, is between 5.1% and 13.7% of the net electricity consumption (Fig. 44.11).

44.3.2 Solar

The first hybrid power plant (470 MW), incorporating 20 MW of solar power, was
built in 2010. It is a Solar-Natural Gas Hybrid Plant. The second giant solar power
station “Noor-Ouarzazate” (582 MW), one of the largest solar energy complexes in
the world, was installed between 2016 and 2018. It uses concentrated solar tech-
nology (CSP) (360 MW), CSP technology with a solar thermal tower and helio-
stats (150 MW) and photovoltaic technology (72 MW). The electricity storage
capacity is 7 h, which will be used during peak hours. It consists of four multi-
technology solar sub-plants, which will be developed in full compliance with inter-
national standards, both technologically and environmentally, including a platform
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for scientific research, tests and training. For the solar plant “Noor-Ouarzazate”,
the price of kWh reached $ 0.19, comparable to that of the solar power plant
Redstone Arsenal (USA), a competitive price with traditional sources of energy
(Fig. 44.12).

44.3.3 Wind

The first wind farm, installed in Morocco in 2000, is Koudia Al Baida (Tetouan),
with a capacity of 50 MW. However, the largest wind farm is Tarfaya in southern
Morocco (300.1 MW), putting into service in 2014. It is the largest in Africa,
outclassing that of “Gulf of EL-Zay” (200 MW) in Egypt. The most recent park,
putting into service in 2018, is “Jbel Khalladi” (Tangier), with a capacity of
120 MW.

In 2016, wind power installed in Morocco reached 898.416 MW, or 10.87% of
its national power, generating 2858.257 GWh, or 8% of its national electricity
consumption (Figs. 44.13 and 44.14). The wind power installed in Morocco
exceeded 1.0155 GW in 2018, classified second in Africa, after South Africa
(2.2947 GW).
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44.4 Morocco: Renewable Energy, an Exemplary Model
in Africa

Since the beginning of the twenty-first century, the contribution of renewable ener-
gies to the national electricity consumption has become significant and in constant
growth, reflected by the completion in 2018 of the installation of “Noor-Ouarzazate”
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solar power station (582 MW) and the installation of the wind farm “Jbel Khalladi”
in Tangier (120 MW).

The share of solar and wind power will be 40% in 2030 compared to 13% in
2016 and only 2% in 2009 (Fig. 44.15). Morocco managed to break through the
1000 MW in wind power installed in 2017, overtaking Egypt and approaching the
level of South Africa. The acceleration of the deployment of the national strategy in
this sector will consolidate its leading position on African scale.

Morocco, with this energy policy, opens up new horizons for the future of clean
energy development in Africa. Its strategy includes, in addition to the development
of solar thermal, photovoltaic and wind energy, the introduction of a series of legis-
lative, regulatory and institutional reforms, while improving tax benefits to encour-
age investment in this sector. Moreover, starting from 2015, for arapid and successful
energy transition, it will have increased the share of renewable energies to 52% of
its installed electricity capacity by the year 2030.

It also considers itself to be one of the most active African countries for invest-
ment in this sector. This makes it one of the pioneering African countries and it is
the first in Africa in the solar energy sector. Morocco has made renewable energies
a real lever for South-South cooperation and a vector of development for sub-
Saharan African countries, having proven renewable potential. It also plays a lead-
ing role in African development through training and experience provided for a
range of African countries.

Moroccan renewable energy projects are arousing an increasing interest from
international and local investors, allowing Morocco to attract more investment in
this sector, such as the installation, in Morocco, of an industrial unit of the group
German Siemens, with an investment of nearly 100 million Euros for the manufac-
ture of wind turbine blades.
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Fig. 44.15 Projects of solar power plants and wind farms in 2030 [1-3]

44.5 Morocco, Driving Force of South-South Cooperation
in Africa

44.5.1 New Foreign Policy in Africa

Regaining its membership in the African Unity (AU) in 2017, Morocco set up a new
foreign policy in Africa by mobilizing internal cooperation between African coun-
tries rather than remain at the mercy of foreign powers. It based on two priorities:
sustainable development and economic integration. As examples, the Moroccan
Monarch, Mohammed VI, has extended its visits not only to West Africa, or to the
Francophone African countries, but even the Anglosaxon ones. Moreover, he par-
ticipated in person at the Summit of Heads of State at the Climate Committee and
“Elazrak” Funds for the Congo Basin, held in April 2018, with different agendas:

1. Supporting the African countries, in order to face the negative impacts of climate
change on the African agricultural sector by taking advantage of Moroccan expe-
rience in this sector

2. Activating the “Elazrak Funds” for the Congo Basin, in accordance with the
recommendations adopted at the African Summit held on the sidelines of the



44 New Horizons for Renewable Energies in Morocco and Africa 563

conference of the of the United Nations (COP22) on climate change in Marrakech,
in 2016, as well as the two regional commissions, namely Sahel Committee and
Island States Committee [7]

44.5.2 Transfer of Its Know-How to African Countries

The Kingdom’s national renewable energy model is consolidating its leadership
position at African level. It has made this sector a real lever for South-South coop-
eration. In addition to its know-how and recognized expertise in the field of assis-
tance services, Morocco takes advantage of its Science and Technology Center in
Casablanca: It is chosen in 2013 as a centre of excellence by the Association of
Electricity Enterprises of Africa. Here are examples of cooperation carried out by
Morocco with African countries:

— Improving the energy services provided to African populations by facilitating
access to training for technicians and strengthening their capacities

— Management and supervision of energy production, transmission and distribu-
tion infrastructure projects

— Completion of specific training courses for African national electricity
companies

In addition to cooperation in the water sector through the construction of dams,
there is cooperation in the electrical energy sector (organization of training,
exchange of experiences, technical assistance by the study feasibility of rural
electrification projects, incentives for private investors to carry out electricity gen-
eration projects using renewable energies).

44.5.3 Electricity

The European electricity grid is the largest interconnected network in the world in
terms of power transmitted. Since 1997, the Moroccan power grid is the only
African network connected to the Europe one. Morocco’s planning is to be a regional
centre for the export of competitive clean electricity to its neighbours, Spain and
Algeria (Fig. 44.16).

44.5.4 Natural Gas

The construction of more than 5000 km of gas pipeline connecting Nigeria, Africa’s
third largest gas producer, and Europe through Morocco is essential. Gas is less of
a pollutant than coal and oil. The realization of this important economic and social
project will strengthen Morocco’s relations in Africa and in Europe. This strategy
gives credibility to its economic policies and creates confidence in its North African
diplomacy (Fig. 44.17).
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Fig. 44.16 Electrical
interconnection [6]
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Fig. 44.17 Nigeria-Morocco gas pipeline officially launched
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44.6 Conclusion

Morocco has available a significant potential in solar and wind energy. It is charac-
terized by unequal distribution of water resources over times. On top of building
more than 139 large dams, Morocco developed a great expertise in the field of stud-
ies and construction of dams, recognized worldwide.

By capitalizing on the national expertise, MASEN has developed an exemplary
model of renewable energy in Africa. Its strategic geographic position, strengthened
by the interconnected electricity transmission with Spain and Algeria, makes the
Kingdom a hub for trade with Africa and Europe. Morocco became one of the pio-
neering African countries investment in renewable energies and first for solar energy
use in Africa. For “Noor-Ouarzazate”, one of the largest solar plant in the world, the
price of KWh reached $ 0.19, a competitive price with traditional sources of energy.
Concerning wind energy, the largest wind farm is the Tarfaya one (300 MW),
installed in 2004. It is the largest in Africa. The Wind power installed exceeded
1.015 GW in 2018, classified second in Africa, after South Africa (2.295 MW). It
generated 2858 GWh in 2018 (8% of Moroccan annual electricity consumption).

Morocco’s Renewable Energy model consolidated its leadership position at
African level and opened up new horizons for the future of clean energy develop-
ment in Africa. In 2017, Moroccan adopted a new foreign policy in Africa, based on
two priorities: Sustainable development and Economic integration.

Since 1997, the Moroccan power grid is the only African network connected to
the Europe one. Morocco’s planning is to be a regional centre for the export of com-
petitive clean electricity to its neighbours, Spain and Algeria. The construction of
more than 5000 km of gas pipeline connecting Nigeria and Europe strengthens
Morocco’s relations in Africa and Europe.

Morocco’s reintegration of the AU puts at the disposal of Africa its knowledge,
skills and experience in dams construction, agri-food industry, renewable energy
model, etc. It offers endogenous development and strong economic integration in
Africa comparable to that of the European Union.
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45.1 Introduction

A built environment is formed by the buildings and other structures constructed by
humans including water and drainage systems, power systems, communication
systems and transportation systems, whereas building itself accounts for 30-40% of
total global energy consumption [1-3]. Studies have shown that controlling and
optimising the amount of energy consumed or utilised in buildings is the first step in
realising an energy efficient built environment [4, 5]. This will not only save cost by
minimising the level of re-enforcement on the supply system or reduction in the bills
incurred by the occupant but ultimately reduce the amount of CO, emission. This will
result in huge benefit to the building occupants and owners, the energy provider and
the government. Generally, non-residential buildings present the highest energy
consumption, hence accounting for 19% of the total global energy consumption [1, 2].
In all, non-residential buildings contribute towards 30% of the total CO, emissions [2]
whereas CO, emission is also largely dependent on the energy demand. Therefore,
developing measures and strategies to control and optimise the total energy consumption
in non-domestic buildings is a major step in reducing CO, emission, which ultimately
reduces the total energy demand. Studies have also shown that through appropriate
control measures and strategies, a carbon reduction of over 70% could be achieved in
non-residential buildings at no net cost [4]. A separate study in [5] also revealed that
fitting a full set of controls to an older heating system which previously had none could
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help save more than 15% of the total energy bills. In the light of this, energy efficiency
and saving strategies have become a top priority objective for energy policies in most
countries, hence making many countries to introduce a range of legislation which
differs from country to country [2, 6]. For example, the EU has embarked on legisla-
tive campaigns to promote the improvement of energy performance of buildings.
These legislative directives include the 2010 Energy Performance of Buildings
Directive [7] and the 2012 Energy Efficiency Directive [8], among others. There have
also been increasing demands by building inhabitants for improved indoor environ-
mental comfort while reducing the energy consumption and reducing the CO, emis-
sions. Hence, there is a need for an energy and comfort management system (ECMS)
which comprises intelligent controls for building using a computer, microprocessor,
storage devices and communication links [9]. The ECMS can aid in fulfilling the
occupant expected comfort index while reducing the energy consumption with regard
to energy price variations. The ECMS often requires some indoor parameters to meet
the occupant’s expected comfort level, and some of the most significant parameters are
thermal, humidity, indoor air quality and illumination levels.

The basic components of a typical building control are shown in Fig. 45.1 [5]. A
very key element of building control is the Building Energy Management Systems
(BMES). BMES is a centralised system that monitor, control, and record all aspects
of building services in buildings to increase energy efficiency, thus reducing envi-
ronmental impact and increasing savings on the part of building occupants. BEMS
ensure that these systems are operated based on occupancy and energy demand. It
also monitors the operation of the systems and checks for faults, sends an indication
to initiate an action if otherwise. Generally, these devices would also communicate
with each other as per Internet of Things (IoT). The IoT is a network of intercon-
nected objects or devices embedded with sensors and mobile devices which can
generate data, communicate and share that data with one another [10]. It is envisaged
that the proliferation of IoT related technologies such as low-cost sensors and
high-speed networking would further foster the adoption rate of “smart built
environment” solutions over the next few years [10]. In all, understanding and
predicting the energy usage pattern plays a key role in making management and
investment decisions. This process is referred to as Load Forecasting (LF), which
can either be short term, medium term or long term.

Sensor
Process or load is adjusted Process or load is
adjusted with a set
point
|
Controlled
. Controller
Device <

Fig. 45.1 Basic elements of building controls [5]
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45.2 The Smart Built Environment

A smart built environment (SBE) deals with “driving better usage and utilisation of
existing and new assets through data and analysis to deliver services as sustainably
as possible for the benefit of citizens” [11]. The SBE will therefore employ modern
and complex technology to ensure that future built environment is energy efficient,
productive and comfortable place to live, work and travel to or from. Generally,
future buildings will be able to integrate with the local supply network and modern
transport systems for them to be considered as smart or intelligent. Furthermore,
these building will be potential sources of renewable energy while also participating
in demand side management (DSM) [11]. The primary drivers for smart built
environment are operational efficiency, cost reduction and environmental sustain-
ability. The drive towards a smart built environment will lead to proliferation of
intelligent buildings. Intelligent buildings use wireless sensor technology (WST)
and data mining methods to increase their energy efficiency over time by anticipat-
ing and meeting their occupants’ needs [10]. The sensors consist of algorithms that
can learn from previous historical data set to predict future energy demand while
optimising the total energy usage and ensuring occupants comfort and wellbeing.
Generally, an intelligent building will have the ability to coordinate the entire build-
ing energy systems as well as improving the overall building efficiency. Considering
the increased penetration of renewable energy sources (RES) such as photo-voltaic
generation (PV) generation in the built environment, energy storage system (ESS)
will also play a key role in intelligent buildings in the efficient utilisation of the
energy generated from these RES. Therefore, RES and ESS are key enablers for the
realisation of the SBE. Generally, energy storage technologies include mechanical
storage (such as pumped hydro storage, compressed air energy storage and
flywheels) and electromechanical storage (such as batteries, chemical energy storage
(such as hydrogen and synthetic natural gas), elevated temperature thermal storage
and electromagnetic storage) [12], with each having their own relative advantages
and disadvantages. Generally, enabling the integration of more renewables such as
solar and wind will decrease the need to invest in new conventional generation
capacity. This ultimately will result in financial savings and reduced CO, emissions.
Furthermore, it will also improve energy security by optimising the supply and
demand, providing system stability during electricity outages and storing energy
when prices are low and used on site when they are high, resulting in huge savings
and loss reduction [12]. However, to stored energy, the actual energy actual energy
consumption must be accurately predicted in the first instance. Accurate LF would
help utility supplies to predict the required load and therefore supply the load
required. LF also find useful advantages in DSM. DSM would also help in planning,
implementation, and monitoring the energy consumption during peak hours [13].

It is also envisaged that future transmission and distribution network will be inter-
connected to form the so-called Smart Grid (SG). As indicated in [14], a SG is an
advanced electricity transmission and distribution network which uses information,
communication and control technologies to improve economy, efficiency, reliability
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and the security of the grid. Key aspect of SG is the ability to predict or forecast
future load demand based on existing data; in this way only the actual demand is
provided, thus minimising loss and wastage while improving energy efficiency and
ensuring the satisfaction of end users. Other key aspects of future SGs include
demand side response (DSR), integration and deployment of low carbon technolo-
gies to the grid such as solar and wind, energy storage systems, and power quality
and power factor improvement, among others. According to [13], the advantages of
SG are to make power systems more efficient, reduce peak-to-average load, and
minimise the cost of production as well as pave the way for integrating renewable
energy resources (RES). Another major aspect of SGs is the smart metering.
Generally, the proliferation of smart metres in buildings is a catalyst towards the
drive in reducing energy consumption which ultimately will reduce greenhouse
emissions. It will also enable better management of energy consumption within the
building as well as save cost [2].

Data collection and processing is also an integral aspect in the decision-making
and engineering management processes within the built environment. This can
either be within the building, within a small community or the city at large [10].
Furthermore, the need for efficient data management will also escalate as the infor-
mation technology becomes more integrated into the built environment. These
include deployment of sensors, advanced communication networks, etc., which will
be able to collect the data from the physical environment. Furthermore, and as indi-
cated in [15], these diverse types of sensor technologies coming into the built envi-
ronment have the capacity to feed almost unlimited quantities of data, so there is
need to be selective in what data is collected and processed. Generally, the issue of
big data and data analytics will also come into play; where the former refers to the
generic term for an enormous collection of datasets from multiple sources and the
latter refers to a set of processing mechanisms, techniques and methods used to
analyse and interpret the datasets; for extracting information and meaningful value
from them, and in the visualisation of data [15]. Generally, managing these huge
amounts of data involves three stages: data collection, data analytics and data use or
reuse (Fig. 45.2). The effective analysis and utilisation of big data is a key factor for
success in the energy efficiency and optimisation in SGs and the SBE [16].

45.3 Energy Efficiency and Optimisation in a Smart Built
Environment

As indicated in [17], one of the greatest challenges facing the EU is how best to
design and adapt cities into smart, intelligent and sustainable environments. Generally,
a smart built environment will have the same attributes of smart cities, such as [17]
“offering the maximal quality of living to its inhabitants with minimal consumption of
resources by intelligently joining of infrastructure (energy, mobility, transport com-
munication, etc.) on different hierarchical levels (building, district, and city)”.
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Stage 1 Stage 2 Stage 3
Data Collection Data Analytics Data Use/Reuse
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' skills/competence ' licences

Interaction / feedback / control

Fig. 45.2 Data lifecycle: collection, analytics, use/reuse and feedback/control [15]

However, a fundamental aspect of the smart built environment is how to efficiently
and effectively utilise the energy. In general, the methods of energy efficiency in
buildings can be grouped into two broad categories: the passive and active energy
efficiency measures. The passive energy efficiency measure focuses on the thermal
insulation issues of the building fabrics such as thermal insulation issues (thermal
conductivity-values, etc.) insulation, glazing, etc. Active energy efficiency can be
achieved when not only are energy saving devices and equipment installed but also
that they are controlled and monitored to minimise wastage and loss. This aspect of
energy efficiency strategy is very vital since it helps to optimise the use of energy so
that only the required energy is used. The three main types of active energy control
strategies in buildings are controlling by time, controlling occupancy and controlling
the condition. Traditional time control utilises timer switches to turn on/off building
appliances (lighting, HVAC systems, etc.) based on the occupant’s usage and the
activities taken place within the buildings. Types of time switches includes 24-h tim-
ers (turning on/off at various set times during the day), 7 day timers (turning on/off
devices for specific days in the week). Occupancy control is mainly used in lighting
control and in extract fans in bathroom. However, with the advances in technology,
they can be used to control the HVAC systems. Notable types of condition control are
temperature, daylight levels, humidity and carbon dioxide (CO,) control. Modern
technologies also incorporate more than one type of sensors for better response and
improved efficiency, resulting in hybrid sensors. Good passive design ensures thermal
comfort, low heating and cooling bills, and ultimately ensures reduced greenhouse
gas emissions for the entire lifespan buildings. Passive design takes advantage of
natural sources of heating and cooling (such as sunlight and cooling breezes), which
is achieved by appropriately orientating the building as well as carefully designing the
building envelope (roof, wall, windows and floors) [18]. Passive design strategies can
either be incorporated during the design stage or into an existing building as per ret-
rofitting. Aspects of the passive design include [18] design for climate, orientation,
shading, passive cooling, passive solar heating, airtightness, thermal insulation, glaz-
ing, thermal mass and skylights. However, for optimum results, the building occupants
must also understand how the building and associated devices work.
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45.4 Proposals for Energy Control and Optimisation

Having explored the types of Energy Efficiency measures in buildings, a generalised
and hybrid building energy efficiency strategy is proposed. Generally, both the pas-
sive and active energy efficiency strategies must complement each other to ensure
an energy efficient building. Although the passive measures will be fixed, however
complex control strategies will involve algorithms that will dictate how and in what
circumstances the controls will operate. Generally, a building with a high insulation
level, good airtightness and good ventilation would only result in an energy efficient
and sustainable home if only the occupants are aware and properly trained on the
building services gadgets. In the light of this, this paper proposes a generalised and
integrated hybrid energy optimisation and energy efficiency strategy that encom-
passes all three elements which include passive, active and user awareness
(Fig. 45.3). As indicated in [19], employee or occupant engagement in energy
efficiency and carbon reduction can help improve their behaviour in the workplace,
thereby reducing unnecessary energy consumption and ultimately cutting organisa-
tion’s carbon emissions. Generally, this can be achieved through communication
and engagement and by adopting any one or a combination of the following
measures [20]: information and promotion, training, personal advice and one-to-
one engagement, demonstrations, benchmarking, commitment, goal-setting,
labelling, prompts, modelling, and feedback. Others include economic incentives
and disincentives (such as subsidies, levies, surcharges, taxes, bonuses, tax differen-
tiation, tax refunds, financial instruments such as interest-free loans, rewards and
penalties); use of posters and stickers, and regulatory issues [20].
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Fig. 45.3 Generalised hybrid model for optimising energy usage in the smart built environment



45 Developing Energy Control and Optimisation Methodology for Built Environment... 573
45.5 Case Study

The case study building used for this study is the new engineering and computing
building at Coventry University (Fig. 45.4). The building is equipped with the
state-of-the-art facilities which helps to facilitate collaborative learning. It is a
multi-purpose building with activities ranging from teaching and learning, research
and other administrative activities. The building services are controlled remotely by
a Building Management System (BMS); however, the occupants still have some
level of control over the facilities such as lighting, window opening, etc. The choice
of this building is predicated on the fact that it has been designed and built to be
energy efficient with modern BMS. This building has a main supply intake (or the
incomer) from the secondary distribution transformer, and with a smart metre
installed to monitor the daily electricity consumption. The daily electricity con-
sumption is logged by the BMS systems on a half-hourly basis, which were retrieved
for this study.

The methodology adopted in this research involves obtaining the daily
electricity data logged by the building BMS system on a half-hourly basis from
the selected case study building over a 1-year period (January—December). A
three-point moving average prediction technique, where the past observation is
weighed equally to predict the future electricity, was used to predict the half-
hourly electricity consumption. The actual and predicted half-hourly electric-
ity consumption calculated over a month are given in Fig. 45.5. The plots
shown correspond to winter month (January), spring (April), summer (July)
and autumn (October) month, respectively. The calculated coefficient of
determination (R-Squared) for the four plots are 0.907, 0.941, 0.919 and 0.917,
respectively, which implies that the three-point moving average algorithm can
reliably predict the half-hourly load demand for the case-study building.

The block diagram for a typical control strategy for optimising energy usage is
shown in Fig. 45.6. As shown, during normal building operation and assuming with
no renewable source, the building relies only on the grid. However, when the control-

Fig. 45.4 The new
Engineering and
Computing Building at
Coventry University, UK
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Fig. 45.5 Actual and predicted half-hourly electricity consumption for the case study building
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Fig. 45.6 Actual and predicted half-hourly electricity consumption for the case study building

ler senses that the PV has sufficient energy to power the load, it automatically switches
to the PV, while the excess energy generated by the PV is stored in the energy storage
device. However, when the energy on the PV drops below the required level by the
building, the energy on the storage devices will supply the building loads. The entire
process is controlled and coordinated automatically by the controller.

45.6 Conclusions

The study explores the various strategies in optimising energy usage in buildings and
propose general hybrid strategies encompasses passive, active and the user awareness.
By adopting this hybrid integrated approach, modern buildings can be made more
energy efficient, sustainable while also ensuring the occupant’s well-being and com-
fort. Existing building could also be retrofitted to meet this demand. The reliability of
the generalised model depends largely on the following: the accuracy of the predictive
algorithm to forecast the load requirements in the building in real time, the accuracy
of the modelling tool to accurately model the operation and control of the entire
system, the efficiency and capability of the PV arrays and ESD, the reliability of the
sensors to accurately capture and manage the data, the losses (such as switching and
harmonic issues) associated with the use of the power electronic devices, the
airtightness of the building, the thermal insulations and building fabrics, occupant’s
awareness, feedback, training, and building performance evaluation, among others.
All stakeholders (such as government/policy makers, energy providers, researchers
and building owners/occupants) also have a major role to play. The authors hope that
this paper does not only contribute to the discussions aimed towards the transition to
a carbon-free built environment but would serve as a platform for further research in
the area of building energy efficiency and optimisation. Possible research directions
include but not limited to research in: energy storage devices and strategies in
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buildings, predictive algorithms to accurately forecast the building demand, intelli-
gent occupancy sensing techniques in buildings, demand side management, integra-
tion of PV cells to minimise losses and ensure optimal efficiency, airtightness in the
buildings and overall building thermal insulations, renewable and embedded genera-
tion in distribution systems, energy efficient district heating, consumer preference in
energy efficiency measures, and building performance evaluations among others.
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Chapter 46

Performance Optimization of Concentrated
Photovoltaic-Thermal (CPV-T) System
Employing Phase Change Material (PCM)
in Hot Climate

Check for
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Shaimaa Abdel Baqi, Ahmed Hassan, and Ali Hassan Shah

Nomenclature

A Area (m?)

ACPPVC  Asymmetric compound parabolic photovoltaic concentrators
BIPV Building integrated photovoltaics

c Heat capacity

CpPV Solar concentrator photovoltaics

CPV-PCM  Solar concentrator photovoltaics integrated with phase chance material
FF Fill factor

G Solar radiation intensity (W/m?)
I, Short circuit current

k Thermal conductivity (W/mK)
PCM Phase change material

PV Photovoltaics

PV-PCM Photovoltaic integrated with phase change material system
Tt Ambient temperature (°C)
THM Temperature history method

T Liquids temperature (°C)
TPCM PCM temperature (°C)

T, Solids temperature (°C)

Vae Open circuit voltage (V)

n Energy efficiency

p Density (kg/m?)
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46.1 Introduction

The performance of a photovoltaics solar cell is determined by the parameters named
short circuit current (/,.), open circuit voltage (V,.), fill factor (FF), and efficiency (1)
[1]. Increased radiation flux helps to improve the power output in concentrated pho-
tovoltaic (CPV) systems; however, the concomitant increased temperature affects
these parameters and consequently renders additional power losses as well as long-
term cell degradation [2], hence lower performance of solar cells. In order to mitigate
temperature-based failures in PV systems, incorporation of phase change material
(PCM) with a suitable phase transition temperature has been extensively investi-
gated. Passive cooling of PV with solid-liquid PCM has been evaluated using a
PCM-paraffin wax and a rectangular aluminum container with a selectively coated
front surface to mimic the PV cell [3]. Further, evaluation of two PCMs for thermal
management of manufactured aluminum PV has been tested and the thermal perfor-
mances of different internal fin arrangements for improving bulk PCM thermal con-
ductivity have been presented. The output power has been predicted numerically [4].
Depending on this, the PV-PCM cooling concept was tested using four different fab-
ricated cell sizes in the indoor environment. The results showed that the measured
output power values were encouraging, however further temperature reduction was
necessary to make the PCM financially viable [5]. Some criteria have been reported
to be hugely influencing the performance of PV-PCM system such as PCM contain-
ment materials, PCM combinations, and metallic conductivity enhancing fins [6].
Selection of the optimum PCM therefore requires an in-depth understanding of PCM
factors affecting phase change process [7]. The PCM cooling system has been evalu-
ated outdoors with two PCMs on a PV panel for few days in two different climates
of Dublin, Ireland and Vehari, Pakistan. Employing CaC,-6H,0 achieved up to
3—4 °C higher temperature drops and about 3% more power savings than capric—pal-
mitic acid at both sites. However, the system was more effective in hot and stable
climatic conditions by achieving higher PV temperature drop in Vehari than in
Dublin, reaching up to 21 °C and resulting associated power saving of 13% in Vehari
[8]. Subsequently, yearly energy performance of a PV-PCM system was evaluated in
hot climate (UAE climate). The PV-PCM system dropped PV temperature at peak by
10.5 °C and increased PV electrical yield by 5.9% on yearly basis [9].

Recent emerging integration of PV-PCMs system for temperature control
offers an opportunity for extending its usage to building integrated photovolta-
ics (BIPV) systems. PCM with melting point 26 °C integrated in BIPV was
numerically tested by attaching microencapsulated PCM at PV back to cool to
enhance performance of BIPV. The simulation results showed very low tem-
perature drop of only 2 °C and 5 °C in summer and winter condition, respec-
tively, indicating that microencapsulated PCM was least effectiveness in BIPV
temperature drop due to lower thermal conductivity of encapsulation materials
and the lower mass ratio of PCM contained in microencapsulation [10]. Also, a
simulation study using simplified heat balance model to calculate the extra
energy gain on an annual basis has been conducted and a moderate increase of
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up to 3% of the total energy output was expected. However, the system was not
economically viable with additional PCM material cost having an acceptable
payback period of 10-20 years to be reached [11]. Experimentally, the BIPV-
PCM has been analyzed for PV cooling and its impact on building energy effi-
ciency in wintertime. The system reached a maximum electrical and thermal
efficiencies of 10% and 12%, respectively [12]. Therefore, thermal energy
stored in the PCM behind the PV was utilized for domestic water heating appli-
cations in the winter conditions of UAE to deliver heat during water heating
demand periods. The proposed system achieved about 1.3% increase in PV elec-
trical conversion efficiency, along with the recovery of ~41% of the thermal
energy compared to the incident solar radiation [13].

From the previous studies, although employing PCMs passively in PV panels
improves PV efficiency and restricts temperature below safety limits [14], unfortu-
nately, the PV-PCM system as a solar energy resource to produce electricity has
some drawbacks of requiring large areas and high capital costs per kWh in the
widespread use of PCM integrated in solar photovoltaics [15]. Also, the PCM-based
PV cooling approach has been substantially reviewed concluding that the proposed
technology has constraints of recovering and utilizing stored thermal energy effec-
tively [16-18] as well as melting re-solidification of lower melting point PCM in
hot climates [13] depending on weather conditions, PCM properties, containment
properties, the heat extraction mechanism [16], and solar radiation intensities [5].
Therefore, recent studies have been directed to concentrated photovoltaics (CPV)
that offer lower capital cost per kWh by using curved mirrors or Fresnel lenses [19]
and enhance electrical power output per unit area of the PV panel and total energy
efficiency of the system. Further, the PCM-based cooling technique is recently
extended to concentrator photovoltaics (CPV) systems in an attempt to benefit from
thermal energy at higher operating temperature to avoid higher likeliness of power
failure, delamination, and rapid degradation [20]. Initially, the concept was further
applied in V-trough concentrator system using Paraffin metal-wax composite PCM
with melting range of 5658 °C and thermally enhanced by embedded aluminum
lathe turnings in India. A reduction up to 16 °C in the PV temperature and an
improvement of 1.55 times in output power were attained at solar concentrated
intensity of 1982 W/m? during the day time while the PCM re-solidification process
took a place in the evening time [15]. An asymmetric compound parabolic photo-
voltaic concentrators (ACPPVC) system with a concentration ratio of 2 has been
designed, constructed, integrated with PCM RT27, and tested at incident solar radi-
ation of (672 and 280) W/m? and incident angle of 0°. The results showed a drop in
solar cells temperature up to 18 °C and 7 °C in ACPPVC-PCM system for radiation
intensities of (672 and 280) W/m?, respectively