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Preface

Ralph Marston rightly put it, “What you do today can improve all your tomorrows.”
The time to make sure there are life-supporting resources for tomorrow is today. If
tomorrow is the day after today, then renewable alone will not make it, and thus, the
opening question chapter (“Energy, Renewables Alone?”’) by Reader, Energy,
Renewable Alone? Water is definitely one key resource for sustaining tomorrow’s
generations. Its use, along with energy utilization, provide an indicator more than
just economic development. Exposito et al. apply the southern Spain context in
chapter “Exploring EKCs in Urban Water and Energy Use Patterns and Its
Interconnections: A Case Study in Southern Spain” to capitalize on water and
energy usage data to forge policies to ensure sustainable management of these
resources beyond today. The scarce life- and/or plant-sustaining phosphate—is an
indispensable resource. To mitigate the rapidly diminishing phosphate, Mukherjee
et al. detail ways to recover this vital ingredient from phosphate-rich wastewater in
chapter “Mining Phosphate from Wastewater: Treatment and Reuse”. For vege-
tarians and omnivores alike, sustainable living literally equals sustainable agricul-
ture. In chapter “Toward Sustainable Agriculture: Net-Houses Instead of
Greenhouses for Saving Energy and Water in Arid Regions,” Abdel-Ghany and
Al-Helal explicate the advantages of net-houses instead of greenhouses. In arid
regions, this transition implies serious water and energy savings. No food means no
future. Thus, sustainable food for thought is disseminated in chapter “Sustainable
Food for Thought” by Ting and Stagner. Moving toward a more plant-based diet
entails both a healthier and more sustainable tomorrow. As countries develop, their
populations spend more time indoors. As such, green buildings are the way for-
ward. Sua et al. disclose a multi-criteria assessment methodology to properly
deduce the optimum natural insulation option in chapter “Tomorrow’s Green
Buildings: Optimum Natural Insulation Material Modeling”. Other than the
building’s insulation, the entire building must be accurately evaluated for its
environmental impacts over its lifetime, as detailed by Hoxha in chapter
“Improving the Uncertainties of Building’s Lifetime in the Evaluation of
Environmental Impacts”. Sustainable buildings must be complemented by sus-
tainable living. It is impossible to use a couple of sentences to describe the
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viii Preface

philosophical chapter, Sustainable Living? Biodigital Future! by Estévez; therefore,
chapter “Sustainable Living? Biodigital Future!” is completely left for the reader to
savor. Every being needs energy to thrive. To ensure energy security for tomorrow,
Gokgoz and Giivercin emphasize the need to invest in renewable energy, solar,
geothermal and ocean technologies, in particular, in chapter “Energy Security and
Efficiency Analysis of Renewable Technologies”. Large wind is by and large
mature, not so for small wind. A timely review of challenges and opportunities of
small wind is spelled out by Vilar et al. in chapter “Small Wind: A Review of
Challenges and Opportunities”. Energy storage is a given, especially as more
intermittent renewable is to be realized. Abbate et al. provide the state-of-the-art of
supercapacitors for high power storage. With the interplay of ever varied systems, it
is necessary to “smarten” the grid. Nikolaidis and Poullikkas enlighten us on
Sustainable Services to Enhance Flexibility in The Upcoming Smart Grids in
chapter “Supercapacitor for Future Energy Storage”. As hinted by the opening
chapter by Reader, we still need fossil fuels into tomorrow. The associated chal-
lenges must thus be continuously and hastenedly mitigated. This book ends with
Carbon Storage and Ultilization as A Local Response to Use Fossil Fuels in A
Sustainable Manner by Llamas et al. “Even if I knew that tomorrow the world
would go to pieces, I would still plant my apple tree.”—Martin Luther King, Jr.

Windsor, Canada Jacqueline A. Stagner
David S.-K. Ting
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“Energy, Renewables Alone?”’ m

Check for
updates

Graham T. Reader

Abstract At the dawn of the twenty-second century, the grandchildren of those
born at the start of the twenty-first century will be having their own children and the
global population could have reached 11.2 billion. At such levels, the world’s energy
demands could be 124% higher than in 2017. How can this increased demand be
met? It is highly unlikely that traditional fossil fuels will be able to meet these future
wants and needs because of their continuing depletion rates. Moreover, the accumu-
lative amounts of carbon dioxide produced, since the start of the British Industrial
Revolution in the eighteenth century, by the burning of such fuels can be correlated
with increasing rises in global surface temperatures. It is these rises which have led
to the growing public concerns about the detrimental impact of anthropogenic activ-
ity on climate change. Consequently, although fossil fuels provide almost 90% of
today’s energy demand, additional forms of energy will be required for the future.
But what will these be? A study by the Stanford University group, based on the
energy scenarios of 139 countries, predicted that all their energy needs could be
met by renewable forms by 2050. Whatever the accuracy of such predictions, the
underlying assumption that all countries will buy into the wholly renewable sce-
nario is highly optimistic. The World Energy Council, in their ‘hard-rock’ energy
transition scenario for 2060, has suggested that the availability of local resources
and the concomitant political pressures will prevent global collaboration on energy
use and climate change issues. Thus, while the eventual transition away from the
dominance of fossil fuel energy is inevitable, exactly how and when this will happen
to remain matters of conjecture. The current development emphasis on alternative
energy sources that are considered to be sustainable and renewable will likely con-
tinue. However, will such sources ever be able to meet 100% of the future global
energy needs in the absence of carbon-based fuels, let alone the increasing demand
for energy? In this chapter, the candidate energy sources, which are considered by
some, if not all, to be renewable, are discussed against a background of the growing
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2 G. T. Reader

acceptance of climate change, government and regional energy policies, and associ-
ated incentives in an attempt to address the question, ‘Renewables Alone,” at least
for the remainder of this century.

1 Introduction

At the dawn of the twenty-second century, the grandchildren of those born at the
start of the twenty-first century will be having their own children and the global
population could have reached 11.2 billion. For although birthrates are decreasing
universally, these are more than compensated by increases in life expectancy and
the total population could be 48% higher, Fig. 1, than it is today [1]. At such levels,
the world’s energy demands could be 124% higher than in 2017, Fig. 2 [2]. How
can this increased demand be met? It is highly unlikely that the traditional fossil
fuels, which presently provide almost 90% of global energy needs, will be able to
meet these future needs because of their continuing depletion rates [3]. Moreover,
the accumulative amounts of carbon dioxide produced, since the start of the British
Industrial Revolution in the eighteenth century, by the burning of such fuels can be
correlated with increasing rises in surface temperatures which, in turn, has led to
the growing public concerns about the detrimental impact of anthropogenic activity
on climate change [4]. Subsequently, those alive at the end of this century could
experience harmful increases in the global mean surface temperature (GMST), the
degree of harm depending upon the global ability and commitment to achieving
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‘Net Zero’! anthropogenic CO, emissions [5]. So, to meet future energy demands
additional forms of energy will be required to at least compensate for the shortfalls in
fossil fuel resources, but also to address the effects of anthropogenic climate change
[6]. But what will these be? The current development emphasis on alternative energy
sources that are considered to be sustainable and renewable will likely continue
and may provide the desired solutions. However, will such sources ever be able
to meet 100% of the future global energy needs in the absence of carbon-based
fuels, let alone the increasing demand for energy? Yes, according to the Stanford
University group led by the civil and environmental engineer, Mark Z. Jacobsen [7].
In 2009, they published a plan for a complete global transition to renewable energies
by 2030 [8]. More recently, the group and its collaborators have used their intricately
sophisticated climate modeling techniques to demonstrate that wind, water, and solar
(WWP) renewable power sources could provide 100% of the energy needs for the
50 states of the USA, and at least 138 other countries, by 2050-2055 [9-11].
Projections by other groups and agencies are not as optimistic in terms of per-
centage renewables in future energy mixes, for example, the annual authoritative BP
energy output reports [3, 12] in 2018 and 2019 forecast that about 25% of all power
generation will be by renewables by 2040, Fig. 3 [12]. Additionally not all entirely
agree with the Jacobsen group’s hypotheses or their modelling techniques and con-
clusions, including some of the group’s Stanford colleagues [13]. Such clashes of
opinion and disagreements are not uncommon, and they are often considered to be
part of the ‘scientific process,” but in this case, the differences led to a civil lawsuit for
defamation being launched although this was subsequently withdrawn [ 14]. However,
as with all forecasts about future events, they are invariably based on hypothetical
models, especially in the scientific world where the models will, or should be, tested
against empirical evidence or validated past data. When future energy transitions
are based solely on anthropogenic climate change models, the methodologies used

INet zero carbon dioxide (CO,) emissions are achieved when anthropogenic CO; emissions are
balanced globally by anthropogenic CO; removals over a specified period [4].



4 G. T. Reader

Primary energy consumption by fuel Shares of primary energy
Billion toe
20 B Renewabies B0k
B Hyaro
Nuclear 40%
.Coel

.Ga: 3 e -
I on - \d\/h\_‘\/_‘ﬁ-\ .

0%
1970 1980 1990 2000 2010 2020 2030 2040

Fig. 3 BP 2018/2019 Annual Energy Outlook Forecasts [12]

to verify past data, especially before 1880, are the topic of some debate. Yet, even
in the scientific world, there have been a number cases where the ‘evidence-based
theories’ have been proven to be wrong, but the predictions have proved to be correct
[15]. This has not been the case with predictions about when natural resources such
as fossil fuels will be finally exhausted [16].

1.1 Fallible Predictions—The Demise of Fossil Fuels

Using fossil oil as an example, a significant problem with ‘the end of predictions’
is that they are usually based on ‘proven reserves,” which is not a measure of actual
known quantities, but is a technology-business-economics definition [17]. There are
variants of the definition, but the one used in the oil industry being: ‘Proven reserves
are classified as having a 90% or greater likelihood of being present and economically
viable for extraction in current conditions’ [18]. Such economically based ‘proven
reserves’ definitions can be applied to all natural resources not just oil. A non-fossil
example would be the UK’s Cornish Tin resources. Tin mining in Cornwall dates
back some four millennia—at least—and activity peaked 150 years ago, but the last
mine closed in 1998. However, ‘the closure of the tin mines in Cornwall was never
about running out of resources, it was in response to competition from cheaper tin
from abroad’ [19]. Yet, three years ago, in 2016, the Canadian company Strongbow
Exploration announced they had acquired the mining rights to the ‘famous’ Cornish
South Crofty? tin mine and preparatory engineering work began—and continues—
with a view to starting operations in 2021 [20]. The main reasons being that price of tin
has increased fourfold since the 1998 closure and more efficient and environmentally
friendly extraction and processing technologies have rapidly advanced over the past
decade.

2Featured on the BBC—PBS TV series ‘Poldark.’
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Consequently, the amounts of a particular natural resource and the proven reserves
of that resource can be quite different. For fossil fuels, the difference between the
amounts of ‘resources’ and ‘proven reserves’ is a factor of 2.8—4 for oil, 4-58 for
natural gas, and 14-23.5 for coal [21]. Depending upon the actual amount of fossil
energy resources and the rate of extraction of the proven reserves could mean their
longevity of use will be far longer than the current savants suggest. Nevertheless,
regardless of whether there are sufficient fossil fuel resources for decades, centuries,
or millennia, as a former long-serving Saudi Arabian Minister of Oil, Sheik Ahmed
Zahi Yamani, is quoted as stating, ‘The stone age came to an end, not for lack of
stones, and the oil age will end, but not for lack of 0il.>” So will the demise of the
age of oil, let us say all fossil fuels, be brought about by the fear generated by the
somewhat overstated ‘end of fossil energy’ scenarios? It seems more likely that the
anxieties surrounding the pervasive climate change scenarios will result in alternative
energy sources being exploited, especially those that are environmentally friendly,
sustainable, and renewable.* However, such epithets are open to interpretation [22]
so exactly what constitutes a renewable energy source varies as discussed in Sect. 2.

Depending upon the source of the energy data and how ‘renewable energy’ is
defined, or at least categorized, such energies account for between 7 and 18% of
global power generation, Fig. 4 [23]. This is a significant variation and it would be
wise to neither exaggerate nor underestimate the global contributions of renewable
energies particularly as in recent years other descriptions for renewable energies have
been used, like ‘Alternative Energy, Clean Energy, Green Energy,” and so on. The
use of such depictions can lead to the number of types of renewable energies being
increased, but also decreased, since not all renewable sources are considered to be
clean or green and not all clean and green energies are renewable. Notwithstanding
such issues, the literature indicates that many international organizations categorize
5 particular energy sources as renewable, but some identify 6, 7, and sometimes 11
categories [24-26]. Nevertheless, regardless of definitions and interpretations, the
use of ‘renewable’ energy or non-fossil energy sources is on the rise and it is evident

30p. cit Reference [17], EME 831[6].
4Op. cit Reference [4].
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that this increase, as a proportion of the global energy production and consumption,
will continue.

1.2 Renewables and Climate Change

Usually, the main reason for switching from one form of energy to another is eco-
nomics, i.e., costs to the producers and the users, and particularly ‘national financial
well-being’ as measured by the Gross National Income (GNI) [27]. Numerous anal-
yses have been developed in attempts to clarify the possible economic viability and
potential advantages of global energy transitions to renewable sources. These deter-
minations are invariably based, wholly or partially, on some form of life-cycle anal-
ysis (LCA), such as the levelized cost of energy (LCOE) [28] and the energy return
on investment (EROI) [29]. In the first case, over a specified time period, the actual
costs of energy production are calculated for a particular energy source, whereas in
the second case, the amount of energy that has to be expended to produce a certain
amount of energy is determined. These two forms of energy source comparators,
while simple in concept, are notoriously difficult to apply in practice, and there is
considerable variation in the results produced from such analyses as each country
and region uses different methodologies in their calculation processes [30, 31]. The
data that have been published indicate that conventional methods of energy/electricity
production are still less expensive than other methods, but the LCOE:s for utility-scale
renewable wind and solar have dramatically decreased over the past ten years and
both are becoming increasingly cost competitive. However, the economic basis for a
transition away from conventional energy production and transmission has not as yet
been fully established. What is clear is that financial incentives and penalties applied
to the various sources have significant impacts especially on LCOE calculations [32].

Without significant demonstrable cost benefits, governments of the day must have
enforceable policies that play key roles in energy switches or transitions and convince
the voting public of the need for such policies. We live in a world where that public
is fast becoming more politically aware and unrelenting in their demands for more
accountability of their governments’ decisions, such as the ratification of the non-
binding UN’s 2015 Paris Climate Agreement [33]. Of the 197 countries and ‘parties’
who have ‘signed’ the agreement, 185 have ratified it as of May 12, 2019 [34]. The
USA withdrew from the agreement in 2017, but intimated they could rejoin in the
future. The agreement came ‘into force’ in 2016 and its ‘central aim is to strengthen
the global response to the threat of climate change by keeping a global temperature
rise this century well below 2 °C above pre-industrial levels and to pursue efforts to
limit the temperature increase even further to 1.5 °C.” To achieve these aims, it has
been determined by numerous scientific studies that the carbon dioxide generated by
fossil fuel usage, past and present, is the main reason that global surface temperatures
are rising. Thus, to prevent irreversible environmental damage, future carbon dioxide
emissions need to be wholly eliminated or at least severely mitigated. Even if all such
emissions were to stop today (literally), because of carbon dioxide’s longevity in the
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atmosphere, and the ostensible delay in subsequent air temperature rises, it will be
at least 40 years before global temperatures start to stabilize and at somewhat higher
levels than at present [35]. To avoid the forecast harmful effects of climate change,
including further sea level rises, it has been predicted that the maximum incremental
temperature rise must be 2 °C or less by the end of the century, as embodied in the
Paris Agreement.

So if governments are to fulfill their commitment to the Paris Agreement, they
will need to ensure that at least 90% of the current energy sources are replaced by
alternatives which, at the very least, do not emit carbon dioxide and can be available
instantly, or as soon as possible. The latter scenario is more realistic. Nuclear energy
should be an obvious candidate if reducing carbon dioxide is the singular aim, but for
the majority of potential users, it is a politically and socially unacceptable solution.
The favored alternative sources are the ‘renewable’ energies that are considered by
the majority of scientists and politicians to be the panacea for the fossil fuel problems.
But not all agree with the results of the calculations on which the elimination—mit-
igation timelines are based, or with the underlying assumptions and mathematical
techniques used to make the predictive calculations [36]. Other scientists and media
commentators have cast doubts on the climate change rationale for wholly transi-
tioning to renewable energies, going so far as to label it a ‘fraud’ [37]. Indeed, since
the publication of the now famous, or infamous, depending on your perspective,
‘hockey-stick [38]" graph [39, 40] by the IPCC? in their third assessment report [41],
doom-laden and equally forceful contradictory viewpoints have led to the ongoing
so-called, Climate Wars. The climate change discussions have become increasingly
politicized and polarized, especially in the USA. Most of the disagreements con-
cern the carbon dioxide—average global temperature ‘predictions’—for the time
before temperature instrumentation became available. In more modern times, the
lack of temperature measurement stations in the southern hemisphere compared to
the northern hemisphere has led to queries regarding ‘average’ global data. The topic
that dominates the debates is whether climate change is influenced more, if at all, by
anthropogenic activity than natural forces.

Intuitively, with the extraordinary increase in global population over the last two
centuries, is it not reasonable to surmise that human influences impact global change
along with natural causes? The ‘modeled’ anthropogenic influences [42] are shown
in Fig. 5 in comparison with the observed global temperature increases. Of the four
identified influences, the main driver is the increase in the amounts of, the unfor-
tunately named [43], greenhouse gases (GHG), of which carbon dioxide has been
determined to be the largest contributor to the ‘greenhouse effect’ mainly for the
reasons previously mentioned, i.e., because of its retained longevity in the atmo-
sphere compared with the other principal GHGs and its high annual emissions [44].
However, its ability to absorb energy per unit mass, its ‘radiative efficiency,’ is less
than other GHGs [45, 46].

Jurisdictions, local, national, and international have largely accepted that the
underlying scientific basis of climate change model predictions, i.e., the rise of global

SIPCC—Intergovernmental Panel on Climate Change.
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air temperatures, is sound. But what is this scientific basis and why does it attract
criticism from some quarters? The basic science behind the causes of climate change
models has its origins in the early twentieth-century work of the Norwegian physicist
and meteorologist, Vilhem Bjerknes, who developed a graphical means to predict
weather based on a set of seven partial differential equations and the ‘accepted
physics’ of the time [47]. The work was further extended after the two world wars of
the ‘killing’ twentieth century largely because of the arrival of electronic computa-
tion, which enabled numerical methods to be applied to the solution of the seven core
equations for weather predictions and produce forecasts much faster. An American
meteorologist, Jule Gregory Charney, was the originator of the use of computers and
he went on to play a significant role in devising increasingly sophisticated mathe-
matical models of the atmosphere until his untimely early death in 1981, less than
two years after his report on ‘Carbon Dioxide and Climate’ [48] set the stage for
acceptance of anthropogenic global warming and the role of carbon dioxide in the
warming [49]. This connection was enunciated in the many publications [50] by the
noted climate scientist and activist, James Hansen, and in his 1988 testimony to the
US Congress, which was instrumental in bringing the issue ‘Global Warming’ [51]
into the political arena.

The work of Charney and Hansen has led to ever more sophisticated mathematical
models and scientific hypotheses, and at the same time, actual measurements of
air and ground temperatures and GHG concentrations are becoming increasingly
trustworthy, providing benchmarks against which the various models can be tested.
Even so, there appears to be growing concerns about the underlying science of the
models, in particular the ‘radiative’ heat transfer® aspects along with the weighting
of so-called Climate Feedbacks, Forcings, Sensitivities and Response Times’ [52].
Time will tell if the concerns are justified and if the climate models are accurate
predictors, especially with regard to the role played by carbon dioxide, the other

6 Author comment, essentially the basis for ‘Greenhouse’ effect.
70p. cit. Reference [52].



“Energy, Renewables Alone?” 9

identified greenhouse gases, clouds, and especially the oceans. Whatever the outcome
of the ongoing, at times acrimonious, discussions and disagreements about ‘Global
Warming,” which is now typically referred to as ‘Climate Change,” it would be surely
negligent not to consider what other sources of energy will and could be available in
the ‘three-generation’ future and beyond.

2 Renewable Energy ‘Candidates’

As previously mentioned, exactly what constitutes a renewable energy source is
open to various interpretations in the literature, a few examples of which are given
in Table 1.

A common theme is that renewable energy sources are being constantly renewed
and ‘simply cannot run out’ [57], ‘they will not be depleted’ [58], [they] are inex-
haustible [59]. If such phrases were to be pedantically applied, then there are no
sources of renewable energy. The sun has already used 50% of its hydrogen fuel and
will eventually engulf and destroy the earth [60], but that will be in a few billion
years. However, long before the final extinction takes place, as the sun gets brighter
[61], the Earth will become uninhabitable for humans, but once again the timeframe
will be in the hundreds of millions, or even a billion years and other natural apocalyp-
tic incidents® could occur before then, although unlikely.” So it is not an overreach
to consider that solar sources are renewable for as long as humans survive on the
Earth. As wind and water energy sources are also derived from the sun’s transmit-
ted solar energy, then these too can be considered as ‘renewable’ sources within
the basic premise of the renewable definition. Nonetheless, this longevity may not
be true for all forms of identified ‘renewable’ energy. To acknowledge these limi-
tations, many of the definitions include caveats such as, ‘naturally replenished on
a human timescale’ [62], ‘sources that will not be used up in our lifetimes’ [63],
‘can be replenished within a human’s lifetime.”!” While these provisos have been
made with good intentions, they can be open to misapplication. So, for this discus-
sion of renewable energy sources for the twenty-first century, the definition!' given
in the IPPC’s ‘Special Report on Renewable Energy Sources and Climate Change
Mitigation (SRREN)’ will be used as a general guideline:

Renewable energy (RE) is any form of energy from solar, geophysical or biological sources
that is replenished by natural processes at a rate that equals or exceeds its rate of use. Renew-
able energy is obtained from the continuing or repetitive flows of energy occurring in the
natural environment and includes low-carbon technologies such as solar energy, hydropower,
wind, tide and waves and ocean thermal energy, as well as renewable fuels such as biomass.

8Such as asteroid collisions, super-volcanic eruptions, cascading earthquakes, etc.
9Op. cit. Reference [68].

1OOp. cit. Reference [55].

1Op. cit. Reference [28] p. 958.
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Table 1 Examples of ‘renewable’ definitions

Definition Source

Renewable energy, often referred to as clean https://www.nrdc.org/stories/renewable-
energy, comes from natural sources or energy-clean-facts#sec-whatis [53]
processes that are constantly replenished

Renewable energy is energy from sources that | https://www.eia.gov/energyexplained/?page=
are naturally replenishing but flow-limited. renewable_home [54]

They are virtually inexhaustible in duration
but limited in the amount of energy that is
available per unit of time

Renewable energy is energy produced from https://www.studentenergy.org/topics/
sources that do not deplete or can be renewable-energy [55]
replenished within a human’s lifetime

Renewable energy sources are sources of https://news.energysage.com/five-types-of-
energy that are constantly replenished through | renewable-energy-sources/ [56]

natural processes ... Fossil fuels produce
energy but their supply is limited because they
don’t naturally replenish on a short enough
timescale for humans to use

Obviously, nuclear and fossil fuel energy sources are not included in the IPCC
definition although in the latter case it appears they can naturally replenish [64] but
not on a short enough timescale for humans to use. While it is becoming apparent
that the origin of ‘fossil” fuel deposits may not be as well understood as previously
supposed [65] they still produce carbon dioxide when combusted. On the other hand,
nuclear power is the second largest source of low-carbon power, generates over 10%
of global electricity, 20% of the USA’s [66], and according to the International
Energy Agency’s World Energy Outlook (2018) [67] this proportion will remain
constant until 2040, and the more optimistic World Nuclear Association’s ‘Harmony’
program [68] has a goal of providing 25% of global electricity by 2050. If the
reduction in global emissions of carbon dioxide advocated by the IPCC is to be met
by mid-twenty-first century, and nuclear power is to play a role then, as stated by the
IPCC, ‘Continued use and expansion of nuclear energy worldwide as a response to
climate change mitigation require greater efforts to address the safety, economics,
uranium utilization, waste management, and proliferation concerns of nuclear energy
use’ [69]. The latter concerns were addressed in a paper by Jacobsen [70] ranking
energy-related solutions to global warming and which concluded that the large-
scale expansion of nuclear energy would ‘further increase the risk of nuclear war
and terrorism’ and that if a limited nuclear war occurred in ‘megacities’ over the
next 30 years (2038)'? up to 16.7 million could be killed and result in short-to-
medium time cooling due to soot emissions while the burning of combustibles would
generate CO, emissions ‘[that] would cause long-term warming,” and thus, nuclear
was ranked ninth of the 12 global warming solutions reviewed. If nuclear energy
were not to be part of the carbon dioxide mitigation tapestry and indeed was wholly

12The Jacobsen paper [81] was originally published online in 2008, so thirty years hence is 2038.
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eliminated,'? then renewables or other alternative energy sources would need to fill
the consequent energy gap. This is what Germany intends to do as part of the country’s
official Energiewende (Energy Transition) policy [71] and is set to phase out nuclear
energy. By 2022, approaches favored by 81% of Germans [72].

So having discounted nuclear and fossil energy as renewable energy, are the only
renewables those identified by the IPPC’s special report?'* What does the rest of the
open literature identify as renewable energy sources? A Google™ Scholar article
search!” for ‘renewable energy’ listed about 2.16 million reports, papers and books,
375,000'¢ from the years 2015 to 2018. Such a database of information would prob-
ably take several lifetimes to digest let alone analyze. To circumvent such a task, the
1088 page IPCC’s SSREN report is a worthy starting point, as this was the result of a
review compiled by 122 lead authors, 25 review editors, and 132 contributing authors
and subjected to further external reviews by more than 350 experts.!” IPCC identi-
fied six specific renewable energy sources and technologies, and other leading energy
agencies have also identified analogous if not wholly identical renewable sources.'®
For example, BP does not consider hydropower to be a renewable energy source, espe-
cially large-scale hydropower, as is the case with California Energy Commission.
However, all categorize solar, wind, geothermal, and ‘bioenergy—biomass—biofuels’
as renewable sources with hydropower being included by four of the agencies, three
without caveats, see Table 2. The present and predicted uses of these sources are
discussed in the next section.

3 Present and Future Use of Renewable Energies

An encyclopedic survey of the favored and agreed renewable energy sources is out-
side the much narrower scope of this paper. However, as the theme of this chapter
paper has been set against the time period used by the Paris Agreement, i.e., 2100,
perhaps a good indicator of the renewables that can be expected to play an increasing
role in the future use of such energy sources is the amount of financial investments
that are being made in particular technologies? If only global totals are used this
could result in a skewed portrayal of likely renewable developments, both current
and future. For example, although new investments over the past decade in geother-
mal energy are much lower than for most other renewable sources, especially in 2017
[75], Fig. 6, 25% of Iceland’s electricity is produced by geothermal sources along
with heating for 90% of its buildings. Moreover, its electricity is a third cheaper than

13Germany is phasing out nuclear energy by about 2022 as part of its Energiewende policy.

14Op. cit Reference [28].

15 ast accessed 6-2-2019.

16 A climate change scholarly article search for 2015-2018 listed 576,000.

170p. cit [28], page ix.

181n addition, the California State Government also includes battery storage, but this is more of a
zero-carbon source than a renewable source.
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Table 2 Renewables as listed by state/international organizations
IPCC-SSREN International British US Energy California
Renewable? Renewable Petroleum (BP) | Information Senate Bill 1004
Energy Agency | 2018 and 2019 Administration [74]
(IRENA) [73] Energy (EIA)®
Outlook®
Direct solar Solar Solar Solar Solar
energy
Wind energy Wind Wind Wind Wind
Hydropower Hydropower Hydropower® Small hydrof
Geothermal Geothermal Geothermal Geothermal Geothermal
energy
Ocean energy Ocean
Bioenergy Biomass Biomass Biomass
Biofuels Biofuels

20p. cit. Reference [24]

bOp. cit. References [3] and [12]

€Op. cit. Reference [54]

dAlso known as the “The 100% Clean Energy Act of 2018’

Includes Tidal and Wave Energy and Ocean Thermal Energy Conversion

fOnly hydropower plants producing less than 30 MW qualify under California’s Renewable Portfolio

Program (RPS)

Technology

“# Solar power

Small-scale
hydropower

Biofuels

Geothermal
power

d

Ocean
energy

New Investment in 2007 (Billion USD)
| | 454
(- ) ] 115.4
| | 52.4
54.8
2.3
23
0.2
3.0
Nt
1.7 —
0.3
06 De?reloped countries
111 M China
W Other developing and @
emerging countries
0.2
0
0 20 40 60 a0 100 120

Fig. 6 2017 new investments in renewable energies (2007 US $) [75]
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in countries like the UK [76]. The Iceland—UK cost comparison is an illustration of
how a particular choice of renewable energy works better for some countries than
others. In general, the choice of which renewable sources to develop depends upon
a multitude of factors: physical, political, and philosophical.

3.1 Geothermal

Iceland is not among the top five geothermal users [77]. Indeed, the top user of
geothermal energy is the USA, which has more than five times the present capacity
of the Icelandic facilities and almost a third of global geothermal energy production
[78]. But what exactly is geothermal energy?

Geothermal energy comes from the natural generation of heat energy largely due
to the decay of naturally occurring radioactive isotopes of uranium, thorium, and
potassium [79] in the Earth’s crust. It has been used for millennia for heating pur-
poses (direct use) and commercial activities since the fourteenth century [80]. So
why is geothermal energy not a major contributor to energy production, in general,
and the renewable energy tapestry, in particular? The primary reasons have been cost
(especially compared to fossil fuel power generation) and geographic location. The
Earth’s geothermal gradient is on average about 25-30 °C/km, and in Iceland, this
gradient is 200 °C/km as a result of the island being close to tectonic plate bound-
aries. For locations close to such boundaries, and normally their higher geothermal
gradients, makes geothermal energy more attractive since for electricity production
the technology requires that temperatures of the water heated by geothermal activity
are at least above 150 °C and preferably above 200 °C, making geothermal plants
in the Pacific ‘ring-of-fire’ especially attractive. The higher thermal gradient also
lessens the depth that drilling is required to utilize the heat energy of the ‘hot rocks.’
However, improving technologies are now making geothermal energy appealing for
other geographic locations for the purposes of district heating and cooling as well as
electricity generation.

One such location is Switzerland [81], where after a few false starts the gov-
ernment is set to increase feed-in tariffs for geothermal energy generation [82] to
encourage development. The main reason for the false starts has been the public
reaction to the increased seismic activity resulting from the drilling (fracking) oper-
ations. On occasion induced or triggered ‘earthquakes’ of Richter magnitudes up
to 3.9 have resulted from such operations which, although they very rarely cause
human injury or infrastructure damage, are disconcerting, especially to those who
do not have prior experience of such phenomena [83]. Nevertheless, a number of
countries such as Switzerland and the USA [84] have developed drilling protocols
for the ‘seismicity’ associated with geothermal systems to avoid such occurrences.
However, some scientists argue that the 5.5 magnitude earthquake at Pohang, South
Korea, on November 2017, which resulted in injuries to 60 and damages estimated
at US $50M, was the result of geothermal drilling, but others disagree [85]. The
work being done on ropes made of the ‘wonder’ material graphene, being used as
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Nesjavellir Grindavik

Fig. 7 Icelandic geothermal plants [87]

energy transfer devices in geothermal systems, may lead to the elimination, or at least
an amelioration, of the induced seismic activity concerns [86], but for the moment
issues associated with cost, location, and seismic activity along with some GHG and
other toxic emissions need to be overcome to the thorough satisfaction of users, pro-
ducers, and investors—including governments—before geothermal energy becomes
a major factor in the expected journey to a renewable energy future. Interestingly,
when photographs of geothermal installations are shown in the media, Fig. 7, e.g.,
[87], producing steam they are not cited as being indicative of pollution as are similar
pictures of fossil-fueled power generation plants!

3.2 Hydropower

Itis not only media reporting that can lead to public misunderstandings. International,
national, and regional definitions of exactly what are clean, sustainable, and renew-
able energy sources often add to such confusions. For example, at the start of this
millennium, hydropower, which produced almost 40% of the USA’s electrical power
in the last century and now only contributes 6%, appeared to be one of the major
methods of producing carbon-free renewable energy to replace fossil fuel sources
and mitigate the effects of ‘global warming,” but this is no longer the case. Today,
in many global jurisdictions, hydropower is only considered renewable if the exist-
ing installation produces less than 30-40 MW of electrical power. In the US states
of Michigan and Missouri, hydropower is termed a non-renewable energy source if
new dam construction is required. This relatively recent aversion to hydropower is
because of a litany of issues involving habitat degradation, destruction of fish stocks,
natural water flow disruption, generation of methane and carbon dioxide emissions,
and displacement of human population. In the latter case, the impact of the world’s
largest power station plant at 22.5 GW, i.e., the Chinese ‘Three Gorges’ hydroelectric
dam, is said to have displaced at least 1.2 M people. This level of displacement would
seem to be a colossal number to all nations, other than India. For China, it represents
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0.086% of its population. The amount of energy generated by the Three Gorges
power station could power the whole of Norway with sufficient power remaining
to meet the annual total energy needs of Cuba, Uruguay, and Sri Lanka [88, 89],
combined. Surely, for a single non-fossil-fueled power plant to meet the whole of
the energy needs for over 41 M people would be impressive, but some'® believe that
Hydropower is dirty energy, and should be regarded just like fossil fuel. And environmen-
talists, far from embracing it, should be battling to shut down hydropower plants and block

the arrival of new ones just as vigorously as we work to close and prevent construction of
dirty coal plants. [90]

Yet, it is not passionate environmentalists alone that are against utilizing water
power, especially hydropower, and for at least two decades, publications in scientific
journals have warned about the negative environmental and climate change impacts
of hydropower. So, while it is somewhat nonsensical to not describe hydropower as a
renewable source, the claimed scale of the generation of methane and carbon dioxide,
two of the major greenhouse gases, from reservoirs and dams, is a principal player in
the assertions that hydropower is a ‘dirty’ energy source and should not be counted
in renewable inventories. The fact that bodies of water such as reservoirs and dams
[91] can emit methane and carbon dioxide is valid. This happens when such bodies
of water are created by ‘flooding’ an area without clearing the site of vegetation,
e.g., trees, beforehand or are located close to significant agricultural activities. The
carbon dioxide is generated by the rotting vegetation (underwater biomass), and
also, some of the methane produced at the bottom of the reservoirs can be oxidized
to carbon dioxide as it rises to the surface of the reservoir [92]. The methane is
produced by bacteria living in reservoirs with oxygen-starved environments. The
situation is compounded by the nutrient supply emanating from runoff from farmland.
The severe warnings about the scale of methane production largely emanated from
Brazil’s National Institute for Space Research (INPE) who estimated dams are ‘the
largest single anthropogenic source of methane, being responsible for 23% of all
methane emissions due to human activities [93].’

Not all dams and reservoirs have electrical generation facilities. For instance,
there are 91,468 dams in the USA, of which only 7% (~6,400) have hydropower
facilities [94]. The average age of US dams is 54 years, so it should be the case for
many of the dams and reservoirs that did submerge rotting trees and other vegetation
that their decay and consequent production of GHG has long since ended. But has
it? A study published in 2014 [95] found that for all global inland waters, e.g.,
lakes and reservoirs, sunlight (solar radiation) is also a driver of carbon dioxide
emissions from such bodies of freshwater, accounting for up to 10% of the total
emissions depending on the cloud coverage. Moreover, if inland waters are located
close to, or on, agricultural lands or are subject to the effluents from some industrial
activities, then part of the methane generation problem will likely be due to untreated
wastewater entering the lakes, rivers, dams, and reservoirs. Apparently, these ‘water’
problems will continue to increase in harmony with rises in global temperatures.

19For example, ‘The Waterkeeper Alliance fights for every community’s right to drinkable, fishable,
swimmable water’.
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In their 2013 publication [96] on the physical science basis for climate change, the
IPCC included ‘freshwater outgassing’ in their carbon cycle definition. So, if all
hydropower facilities were abandoned and all dams dismantled the inland waters,
problems would persist and it is not clear what such drastic actions would achieve.
Moreover, hydroelectricity production is not wholly synonymous with all dams,
lakes, reservoirs, and rivers.

‘Run-of-the-river [97],” hydropower plants, both small and large, Fig. 8, use small
ponds [98]. ‘Pumped storage’ hydroplants, Fig. 9, do not necessarily need reservoirs
at all, but usually do globally as such plants are in the range of 1000—1500 MW, being
in some instances as large as 2000-3000 MW [99]. The latest innovation, ‘conduit
or energy-recovery’ hydropower attempts, to harness the energy from gravity feed
drinking water pipes using micro-turbines in the supply lines, such as the LucidPipe™
power system [100]. The ‘conduit’ system replaces or greatly lessens the need for the
pressure regulating (reducing) valves in the water feed systems [101]. Tidal and wave
power are also forms of hydropower, but as of 2018, their contributions to global
energy production are negligible. In its many forms, whether considered renewable
or not, hydropower provided over 16% of the global electricity production in 2017
[102].

Nevertheless, the mantra ‘small-hydro good, large hydro bad’ is afflicting
hydropower development especially in many states of the USA and federally [103]
because of the focus on the issues of GHG production. To address these issues,
researchers at the International Hydropower Association (IHA) in conjunction with
researchers in Canada, Norway, and Finland carried out a life-cycle emissions inven-
tory of 498 reservoirs worldwide (178 single purpose + 320 multi-purpose) and
reported that the global median intensity was 18.5 gCO,-eq/kWh with an estimated
75% emitting less than 60 gCO,-eq/kWh and 84% of reservoirs exhibiting less than

Transmission lines

BWerhouse with
pines and genarators

Tallrace (waler is returned
o the main river)

Fig. 8 Run-of-the-river hydro [98]
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Fig. 9 Pumped storage hydro [99]

100 5 gCO,-eq/kWh.?® This median is far less than equivalent measures of CO,
emissions from coal and gas burning electrical power generators and a factor of
between 2.6 less than the life-cycle median emissions of solar PV panels (utility).
Similar data on methane emissions have not yet been reported’' by IHA. Until the
methane matter is resolved the future of the accounting of hydropower as a renew-
able energy will remain contentious in many US states and in other regions because
political and organized environmental entities meticulously enforce their definitions
of ‘renewable’ and ‘sustainable,” perhaps unrealistically. That is not to say that global
hydropower projects do not continue, some of several GW of energy production, but
many will not qualify as renewable as summarized in Table 3.

In some countries, and in many US states, the ‘renewable’ power definitions have
as much to do with politics and vested interests as ‘science.’ In the USA, this is largely
because of the so-called Renewables Portfolio Standard (RPS), these are legislated
targets which specify the percentage of electricity sold by utilities which must come
from renewable resources [105]. For many states, if hydropower sizes above the
limits indicated in Table 3 were considered to be ‘renewable,” then they would have
already met their RPS targets. This means the further development of renewable
sources such as wind and solar would be hard to justify to the taxpayers which
largely fund such developments. Although some of the 39 states, four territories and
Washington D.C. have cost limitations for RPS and similar schemes, 21 states also
have ‘carve-outs and credit multipliers (renewable energy credits)’ or both, whereby
a specific technology must be used to produce a precise amount of the state’s overall
renewable energy target or electricity produced by certain technologies will receive

200p. cit [127]. The emission data were determined using the IHA-UNESCO tool G-Res.
21 As of March 2019.
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Table 3 Definitions of small hydropower®

G. T. Reader

Country/state

Small hydropower definition
(MW)

Sources from® except for
California [104]

Brazil

<30

Brazil Government Law, # 9648,
May 27, 1998

Canada

<50

Natural Resources Canada, 2009,
http://canmetenergy-
canmetenergie.nrcan-mecan.gova.
ca/energy/renewables/small_
hydropower.html

China

<50

Jinghe (2005), https://www.ipcc.
ch/report/renewable-energy-
sources-and-climate-change-
mitigation/; Wang (2010), https:/
www.ipcc.ch/report/renewable-
energy-sources-and-climate-
change-mitigation/

EU Linking Directive

<20

EU Linking directive, Directive
2004/101/EC, article 11a (6)

India

<25

Ministry of New and Renewable
Energy, 2010, www.mnre.gov.in

Norway

<10

Norwegian Ministry of Petroleum
and Energy. Facts 2008, Energy
and Water Resources, p27

Sweden

European Small Hydro
Association, 2010, www.esha.be/
index.php?id=13

USA

<5-100

US National Hydropower
Association, 2010, Report on
State Renewable Portfolio
Standard Program (USRPS)

California

<30

California Energy Commission,
https://www.energy.ca.gov/
hydroelectric/ [104]

20p. cit. [24], A. Kumar et al., Chap. 5

b As of March 2019

additional renewable energy credits.””> Needless to say, hydropower is not one of the
specific or certain technologies. So, if only a very modest amount of hydropower
energy is considered renewable, largely because of the unacceptable ‘high” GHG
emissions, then why are such emissions highlighted in the overall GHG emission
inventories reported each year?

221pid. 133.


http://canmetenergy-canmetenergie.nrcan-mcan.gova.ca/energy/renewables/small_hydropower.html
https://www.ipcc.ch/report/renewable-energy-sources-and-climate-change-mitigation/
https://www.ipcc.ch/report/renewable-energy-sources-and-climate-change-mitigation/
http://www.mnre.gov.in
http://www.esha.be/index.php?id=13
https://www.energy.ca.gov/hydroelectric/

“Energy, Renewables Alone?” 19

Time of Equal
Cumulative Carbon Flux

Carbon Dividend
Relative to Fossil Fuel

e LT -

'
'
'
'
T
'
'
'
1
'
[l
"
I
'
'
v
'

Carbon Released
Biomass Carbon Debt from Burning Fossil Fuel for Equivalent Energy
Relative to Fossil Fuel

Change in Stored Carbon: Biomass Stand Carbon minus BAU Stand Carbon

BAU - BUSINESS AS USUAL

-
(-=-===r=-==3

220 +

Fig. 10 Biomass carbon debt to dividend (a fuller description of Fig. 13 is given by Manomet [93]
p. 6): BAU—Business as Usual

3.3 Biomass

Another of the renewable energies, see Table 2, biomass [106] when combusted
produces large amounts of GHG emissions, especially CO, from wood burning,
but biomass is considered to be carbon neutral [107]. Indeed, in some US states the
amount of CO, produced from biomass can be actually deduced from their emissions
inventories [108]. Over 80% of biomass is wood or wood scraps and will release
carbon dioxide if burned. So how can these emissions be considered to be carbon
neutral? The core justification is that the emissions can be sequestrated through new
tree/plant growth as long as the replacement is 100%, a secondary justification for
wood wastes, natural and man-made, is that if they were allowed to decay they would
emit the same amount of carbon dioxide as if they were combusted.

Trees cannot be grown and reach maturity, or at least be ‘harvest-ready,” instan-
taneously, so there is bound to be time lag between the release of the carbon dioxide
from the burning process and its complete sequestration. As wood combustion pro-
duces significantly more carbon dioxide per unit energy than natural gas and coal,??
there will be a period of time between wood harvesting and new tree/plant growth
when there is a ‘carbon debt’ in comparison with fossil fuel combustion which should
then be followed by a ‘carbon advantage’ provided there is sufficient new growth
to match, at least, the harvested wood. This scenario is illustrated in Fig. 10,2 the
fossil fuel line is for a mixture of coal and natural gas usage. As can be seen, the
increase in atmospheric CO, emissions from burning trees for energy will be present
for many years. The delay before CO, advantages or benefits are achieved is called

231bid. [137] p. 21.
24 A fuller description of Fig. 13 is given by Manomet [118] p. 6.
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the ‘carbon payback time’?> and can be defined as, either ‘when pre-harvest carbon
levels are reached (absolute carbon balance),” or as, ‘time to carbon parity’ when
comparing carbon levels to a reference case (such as when fossil fuels are burned and
the trees remain growing) [109]. The carbon payback time for biomass use depends
on many factors and can vary between 1 year and 1000 years [110], for example,
harvesting wood for fuel from Norwegian boreal forests can result in a carbon debt
that takes 150-230 years [111] to repay. A Canadian study [112] indicated that there
is great uncertainty in determining carbon payback and carbon parity timelines and
in their modeling of three forest growth scenarios found that 78 years and over were
required to achieve carbon parity depending upon which of the fossil fuels was used
as the comparator. If wood burning is to contribute to carbon dioxide mitigation from
next year and over the crucial next two decades (according to the IPCC 2014 report
[44]), then it would appear that burning ‘stand’ wood will be counterproductive.
Clearly, although burning biomass is not carbon neutral or particularly environmen-
tally friendly and is not in compliance with the designation of a renewable energy,
the acceptances of biomass burning is the result of political choices and cultural
choices being made by consumers, industrial corporations, and other vested inter-
ests. Moreover, it has been reported that some 2.8 billion people use biomass for
cooking [113].

3.4 Solar

The two remaining ‘renewables’ identified in Table 2, wind and solar, appear to
meet all the regulatory requirements except during the manufacture and eventual
disposal of wind turbines and solar devices, in particular photovoltaic (PV) cells.
But can solar- and wind-driven devices be used in all locations? The answer is yes,
but locating these devices in places where they can be used most effectively would
appear to be obvious. Where are these places? Figure 11 indicates the scale of the
global power potential of solar radiation [114].

Interestingly, the top five countries with the most installed solar capacity are not in
the areas of maximum potential. Indeed, one of these countries, Germany, who since
the start of this millennium have politically committed to being a global leader in
solar power, can hardly be described as an especially sun-drenched country. Although
solar ‘electricity’ generation especially by photovoltaic panels appears to receive
most of the media attention, solar thermal [115] (conversion of light energy to heat
energy) and solar chemical (conversion of light energy to stored chemical potential
energy) are also increasingly important uses of solar irradiance [116]. In Germany,
for example, heating makes up to approximately 40% of all energy consumption
compared with about 20% for electricity consumption [117]. However, there has
not been the same enthusiasm for adoption of solar heating by the German public

25The measure can be applied to all types of renewable and low-carbon energy sources and tech-
nologies.
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Fig. 11 Distribution of annual average solar irradiance [114, 116]

probably because the Government has not offered feed-in tariffs as they did with
solar PV panels.?

The rapid growth in the use of solar PV technology and the associated industry
in Germany began to slow as the feed-in tariff rate was reduced and far cheaper
[118] imported solar panels from China began to flood the German market and
caused the German Government to eventually impose import tariffs in 2013, but
these had little effect and the antidumping tariffs were eliminated by the European
Commission from August 31, 2018. In the meantime, some of the largest German
solar panel manufacturers went into insolvency with the loss of thousands of jobs.
The arrival of the Chinese solar panels also led to the demise of the sun-tracking
solar dish—engine market especially in the USA just as that industry was achieving
commercial breakthroughs and companies like Infinia had secured major contracts
(MWs) for their free-piston Stirling dish system, Fig. 12 [119], but by 2013, the
company had to seek Chap. 13 bankruptcy. The cost of the solar dish collectors and
concentrators alone was far higher than the PV panels.

Although research and development on such systems continue in a number of
global universities and small technology companies, it is unlikely that the dish—Stir-
ling systems, despite their superior performance, will displace the PV systems. How-
ever, the concept of using concentrating solar thermal (CST/CSP) systems, Fig. 13,
did survive, and since 2006, this has been growing at an annual rate of 40%, Fig. 14
[120], although still a small portion of overall global renewable energy generation.

There are four main concerns with the use of solar power, especially if used as
a utility-scale installation. These are land use, competitive operational costs, waste
disposal, and ‘curtailment.’

As the energy density of solar power is extremely low, Table 4, the amount of

261bid. [150] p. 73.
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Fig. 13 Basics of solar CST/CSP [120]

land area needed is significant [121], ranging from 1.4 to 6.7 ha per MW, so, for
example, it is claimed that as much as 450 times more land would be required
for a solar farm (CSP) compared with an equivalent output nuclear system [122].
The USDOE ‘Sunshot [123] initiative for utility-scale solar would require over 2.5
million hectares of land by 2050. However, while this is just a small proportion
of the total land area of the USA, direct and indirect environmental impacts from
habitat fragmentation to reduced water quality to damaging ecological effects on
wildlife could turn public opinion against the use of pristine lands for such purposes
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[124]. To address this issue, the potential use of so-called marginal®’ lands is gaining
momentum in many US states. The amount of land used would be reduced if the
energy conversion efficiency of solar PV panels could be improved. The majority of
presently available commercial panels have conversion efficiencies in the 15-17%
range although the best panels have ratings as high as 22%, but usually these are
more expensive. However, over the last 5 years, the efficiency of some research solar
cells has achieved levels up to 46% [125], and a Japanese design team has suggested
that efficiencies of over 50% will soon be possible [126].

Potential increases in cell efficiency, at affordable prices, could be instrumental
in addressing the second main obstacle to solar power growth, the achievement
of competitive power generation costs. This was (and is) the core objective of the
previously mentioned ‘Sunshot’ vision whereby solar power could meet 27% of all
electricity needs in the USA by 2050 provided that costs could be reduced by 75%
between 2010 and 2020, and a further 50% by 2030. It was considered if these levels
of LCOE [128] cost reduction could be obtained, and it would encourage further

27In the USA, these include degraded and contaminated lands, former coal, and mineral mining
sites and are defined by the USEPA as ‘Superfund’ or ‘Brownfield” lands.
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Fig. 15 US ‘Sunshot’ vision performance measures [129]

market penetration of solar power generation. So what has been achieved to date?
The impressive performance of the Sunshot initiative is summarized in Fig. 15 [129].

While these data are only for a single country, the USA by 2017 had the second
largest installed global solar PV capacity, even more than Japan and Germany, but
some 60% less than China. The USA produces a tremendous amount of publically
accessible (and free) data and information on energy use and is therefore a particularly
interesting case study.

The average useful life of a solar PV panel is presently estimated at 30 years or
less, and many of the early panels are now reaching the end of their life, or have
been irreparably damage in severe weather events. Estimates showed that by 2016
between 43,500 and 250,000 tonnes of cumulative PV waste were produced which,
because of the unprecedented increase in PV use since the start of this millennium,
could rise to between 60 and 79 million tonnes by 2050 [130]. According to a United
Nations report between 60 and 90% of all electronic waste is illegally traded and
dumped in poor nations and a loophole in the regulations allow used solar panels to
be legally exported from developed to developing countries [131]. The glass used
in PV panels usually contains cadmium, lead, plastics, and other impurities which
make recycling expensive. So who will pay? A number of solar companies have
entered bankruptcy because the materials retrieved by recycling, produced revenues
which were less than the processing costs. One of the problems is the designation
of PV wastes as ‘hazardous’ as this increases the costs of recycling. But as different
materials and manufacturing processes are used in producing PV panels, can they all
be labeled as hazardous? This is a matter engaging industry and governments in most
of the leading solar countries. Until the issue is resolved, either by lawmakers or by
the development of economical recycling processes, there is bound to be a question
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Fig. 16 NREL-CAISO ‘duck curve’ [133]

mark about the rate of growth in solar PV power usage. If recycling is mandated by
law, then the increased life-cycle costs of such panels would be passed to producers
and consumers with obvious consequences. So it appears that many solar panels will
continue to be dumped in landfills, often located outside the country of origin or
original use.

In 2008, the US Department of Energy’s National Renewable Energy Laboratory
(NREL) published a report [132] dealing with the impact of the increasing use and
benefits of solar PV energy on the traditional seasonal hourly power demand-supply
requirements for the regions covered by the Western Electricity Coordinating Council
(WECC),? especially California and Colorado. As the costs of solar PV energy
production declined, the California Independent System Operator (CAISO) began to
project the impacts of the increased use of solar on net demand loads and published the
now well-known ‘duck chart,” Fig. 16, in 2013, that has been featured in a multitude
of publications [133]. The ‘duck’ profile is formed because solar power generation
usually peaks around mid-day, and between sunrise and sunset has an approximately
sinusoidal power—time profile, Fig. 17.2° This means that the power required from
the existing forms of power generation is reduced during the ‘solar-generation’ time
period.

As a consequence, the former reasonably predictable power—time demand curves
for the extant power facilities are changed, but how and by how much? The duck

280p. cit [137, p.5]. In 2008, the US Electrical Power system had three large electrical grids the
WECC, the Eastern Connection, and the ERCOT (Texas) grids.

21bid. [169].
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Simulated energy production of one kilowatt of solar PV capacity in Los Angeles, Calif.
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Fig. 17 Sinusoidal solar energy daily profile (ibid. [133])

chart is based on a hypothetical model used to illustrate how the historical electricity
demand curves could be impacted by the intermittent power generation of solar PV
systems as their contributions increase. As shown in Fig. 16, the greater the amount
of solar power available the more the shape of the non-solar demand curve is changed
giving a ‘duck-like’ profile [134] with an increasing ‘belly’ size. As it is difficult,
and expensive, to turn on and off existing utility power generation facilities, there is a
possibility of ‘over-generation” and to combat this scenario the amount of solar power
generation has to be operationally reduced or ‘curtailed.” Overall, ‘over-generation’
and ‘curtailment’ have a negative impact on electricity production resulting in higher
costs and in the loss of amounts of carbon dioxide mitigation possible from the use
of solar power. However, the duck curve is hypothetical—what happens in practice?
Although far more data and operating experiences are required before any type of
definitive pronouncements can be made, the indications are that the duck chart is
realistic, as demonstrated by the data produced, Fig. 18, by Independent System
Operator (ISO) of New England [135].

This fourth issue is not so much a problem with solar power generation, but more
to do with the integration of solar systems into traditional electrical supply grids,
and the operation of the different forms of power generation which feed the grids.
An overarching solution to these complex problems would be to find an affordable
method of storing the energy produced by solar systems; although there are some
promising technologies under investigation and development [136], it seems likely
that, until these become commercially viable, the rate of growth in utility solar energy
use will be somewhat stifled.
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Fig. 18 Impact of solar energy on electricity demand in New England [135]

3.5 Wind

Wind, the other ‘acceptable’ form of renewable energy given in Table 2, is created
by air moving high-pressure areas to low-pressure areas, and the main driver of the
wind is air temperature differences caused by sunlight unevenly heating different
parts of the planet. The global wind map, Fig. 19, is not, however, identical to the
solar map in terms of energy potential for a variety of reasons. As can be seen, the
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Fig. 19 Global wind power density map (see Footnote 30)
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countries developing both onshore and offshore wind power generation, unlike solar
power, are usually located in geographic regions with the greatest potential.>

Nevertheless, the variability and uncertainty [137] associated with utility wind
power is analogous to that encountered with similar solar power use. ‘Peak’ wind
power production does not occur at times of peak electricity demand, and although
it is often claimed in the literature that peak wind power occurs at night, when solar
irradiance has ceased, this is only true in some geographical locations. In places like
the UK—which produced 17% of its total electrical energy from wind in 2017—the
peak wind power time curves are similar to the solar—time curves, offset by a couple
of hours past mid-day, Fig. 20 [138]. On the same figure, it can be seen that wind
power does not peak at the end of the day in Germany, Denmark, and Ireland, but
does in France and Spain.

The issues encountered with the increasing growth of wind power, while not
identical, are very similar to those encountered with utility-scale solar power, as
aptly described in a report prepared for the US Congress [139]. The aesthetics of
large wind power farms, and the sounds, are concerns often expressed by members
of public when the farms are located close to residential areas. To address the noise
issues, many regulators specify a ‘setback’ which is essentially a space to be created

Ireland Spain United Kingdom

Average hourly wind farm output (rescaled so that 1 = Yearly max)

2 4 6 B1012141618202224 2 4 6 B 1012141618202224 2 4 6 8 10 12 14 16 18 20 22 24
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Fig. 20 Average hourly wind farm output for selected European countries [138]

301t is not just the presence of prevailing winds that is important, but the range of the wind speeds
as wind power is proportional to the cube of the wind speed.
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between the areas of concern and the wind farm. However, there are no agreed
national or international definitions of exactly what constitutes a ‘setback’ [140].
Although wind energy is more energy dense than solar power and most other defined
‘renewables,’ it is still far below those of fossil and nuclear energies, as illustrated in
Table 4. Consequently, wind farms need significant swathes of land and access to that
land, which opponents suggest could be put to better use, so wind farms in the future
will need to demonstrate that they are the best economic use of the land. But how
much land? A study conducted by the US DOE NREL [141] found that on average
the amount of land used per MW was 35 ha. However, because of capacity factors
(see below) and the need for turbine separation spacing to be equivalent to 15 rotor
diameters for optimal operations [142], the land need, according to the ‘Industrial
Wind Energy Opposition’ organization group, could be as high as 300 ha per MW
of actual output [143]. With the significant technological advancements over the last
decade, a ratio of 40—60 ha per MW (actual) is not uncommon for newer installations.

Regardless of the design of the wind turbine, there is a theoretical limit as to the
amount of kinetic energy that can be extracted from open flow wind. This is known
as Betz’s Law,?! which basically indicates that only 16/27th (59.26%) of incoming
energy can be extracted. The more important technical performance parameter is the
‘capacity factor’ [144] of wind turbines which depends on wind speed, air density,
and turbine swept area. In general, wind speed increases with height above ground
level and tends to be steadier, but air density decreases, although at a height of 1000 m
air density is still 90% of that at ground level. The greater the turbine swept area,
essentially the length of the blades, coupled with increasing the height the blades are
above ground level, allows more of the wind’s kinetic energy to be harvested and the
capacity factor to be increased. Thus, the trend, especially in the USA since wind
turbines began to be deployed, has been to ‘scale up’ the installations [145]. As of
October 2018, the tallest onshore wind turbine in the USA is 574 ft (175 m), and in
March 2018, General Electric [ 146] announced that they were developing the world’s
tallest offshore wind turbine, the ‘Haliade-X’ at 853 ft (260 m), for installation in
2021, Fig. 21 [147].

There are also concerns about the threat to wildlife, especially birds and bats.
Estimates of the global magnitude of the wildlife problem vary widely, but the US
government [ 148] estimates that up to 500,000 birds annually are killed by collisions
with wind turbine blades, and this figure could reach 1.4 million per year as the use of
wind power is increased. Similarly, it has been estimated [149] that tens to hundreds
of thousands of bats die because of such collisions each year in North America alone
and because of their impact on insect control and crop pollination the loss of so many
bats could be costing the US economy between $3.7B and $53B annually [150]. It
must be noted that the birds and bats issues are guesstimates at best, and wind farm
location, over which regulators can exercise control, appears to play a key role in
providing, at least a partial, solution to this potentially significant ecological obstacle

3Named after German naval engineer and physicists Albert Betz, although the English automotive
engineer Frederick Lanchester had derived the ‘Law’ some 5 years before Betz and the Russian
engineer Nikolay Zhukowsky published the same result just before Betz.
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How the Haliade-X compares
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Fig. 21 Increasing height of wind turbines [147]

to wind power use and growth. These types of issues require far more investigation
and data gathering especially for wind farms, but utility size concentrated solar plants
are also encountering similar problems although on a much smaller scale [151].

The growth of wind turbine power, like some other renewables, has been made
possible through financial incentives, tax breaks and feed-in tariff systems. What will
happen when these ‘subsidies’ are removed, partially or wholly, is unclear. However,
it is likely to depend upon the eventual cost of wind produced electricity to the con-
sumer and, at least to governments, its beneficial contributions to national and global
climate change targets, such as atmospheric reductions in carbon dioxide emissions,
and the forecasted lowering of global average surface temperatures. Moreover, like
the other favored ‘renewable’ energy—solar power—the problems with the disposal
of end-of-life wind turbines will engage owners, users, and lawmakers. In the USA,
compliance with Federal and State laws and regulations make it more difficult to use
public lands to construct wind (and solar) power facilities and so at present most
of the installed capacity is on private lands, which in many instances provides an
additional revenue stream (license fees) for landowners such as farmers.

So will solar and wind power be widely adopted and met the increasing global
energy demands of ‘tomorrow’s world’ as defined at the start of this paper? Obviously,
as these are intermittent and variable sources of energy some energy backups will
be required, but maybe all that is needed is energy storage? The USA, for example,
has 431 MWh of electricity storage available [152], of which pumped hydroelectric
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Fig. 22 BP Outlook 2019 energy mix forecast (Op. cit., Reference [3])

accounts for 94%, but this is only equivalent to the energy normally consumed in
3.3 5.2 If the use of hydropower was disallowed or disavowed because of the carbon
dioxide and other problems, less than one-fifth of a second of stored electricity
would be available if solar and wind power were totally lost by a catastrophic natural
disaster. While this scenario is highly improbable the example illustrates that even
if solar and wind power dominate the energy mix they cannot meet all the energy
needs What then will be the likely future energy mixes?

4 Tomorrow’s Energy Mix?

Each year the BP Company [153] publishes a number of publically accessible energy
reports, in particular their ‘Energy Outlook’ series. In the latest edition,** BP has
provided a forecast of the probable global energy mix up to 2040. Although this
is somewhat of a shorter timespan than our ‘tomorrow’ scenario, as can be seen in
Fig. 22, the forecast is for renewables to increase their share, from the less than 10%
it is today, to almost 30% by 2040 and become the most dominant of the available
‘fuel’ sources. The bulk of the increase in renewables is slated to be from solar and
wind power in roughly equally shares, but geothermal power, even with its seismic
manifestations, and the carbon dioxide emitting biomass will also be part of the
renewable mix.

The World Energy Council (WEC) [154], like BP, publishes a number of author-
itative reports on global energy and environmental policies and proposes various
‘energy-use’ scenarios for general discussion. In a WEC study published two decades

32Based on the annual US energy consumption of 4110 TWh.
33Op. cit., Reference [3].
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ago in partnership with the International Institute for Applied Systems Analyses
(ITASA) [155] on ‘Global Energy Perspectives [156, 157], six future energy scenar-
ios were investigated using three milieus, labeled Case A, B, and C, Table 5.

The primary emphasis of the study was for forecasts of possible energy mixes for
the period up to 2050, but results were also presented out to 2100, the ‘tomorrow’
definition adopted for this paper. The results are presented in graphical form in Fig. 23
which was published by the OpenLearn Team in 2018 [158].

It can be seen, even by 2100, that fossil fuels are in the mix in all the scenar-
ios, albeit in significantly diminishing proportions, while the use of renewables is
increasing in all scenarios and becoming the dominant sources of energy. If hydro
and nuclear power are included, then less than 30% of ‘tomorrow’s’ energy will be
provided by the traditional fossil fuel sources. It is interesting to note that in the
WEC renewable scenarios, biomass plays a bigger role than wind power. Maybe this
is an historical artifact, given the lineage of the scenarios, since the future potential

Table 5 Future energy scenarios WEC-IIASA [156, 157]
WEC-IIASA case | Milieu

A ‘A future of impressive technological improvements and consequent high
economic growth’

B ‘A future with less ambitious, though perhaps more realistic, technological
improvements, and consequently more intermediate economic growth’

C ‘An ecologically driven future. It includes both substantial technological
progress and unprecedented international cooperation centered explicitly
on environmental protection and international equity’
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of wind power was identified in the IIASA as far more significant than biomass in
their encyclopedic report of 1884 pages, ‘Global Energy Assessment (GEA) [159].
Although the data used to produce the graphs in Fig. 23 need to be updated, at least in
terms of source proportions, the main point to be gleaned from them is that it seems
highly unlikely that 100% renewable energy will be achieved by 2100, according to
models used in such forecasts.

Nevertheless, there have been significant changes in the constituents of the global
energy mix over the past two decades, especially during the last decade, and because
of these rapid changes, forecasts of the future mix have tended to become less long
term. In addition, more codicils have been attached to forecasts, such as if a specific
mix is achieved in 2030, then it should be possible to attain a particular mix by 2050.
Interestingly, a REN213* study reports that some energy experts are more optimistic
about the timeframe of the eventual transition to renewables than the current energy
mix models suggest. For the study, in 2016, REN21 interviewed ‘114 renowned
energy experts from around the world, on the feasibility and challenges of achieving
a 100% renewable energy future [160].” The results are shown in Fig. 24 where
it can be seen that although 71% agreed or strongly agreed that the use of 100%
renewables was feasible and realistic, only 8% expected it to actually happen, albeit
72% expected renewables to account for at least 51% or more of the energy mix by
2050.
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Fig. 24 Expert views on energy transitions [160]

34REN21 is an international nonprofit association and is based at the United Nations Environment
Programme (UNEP) in Paris.
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5 Possible Energy Transitions

The transition to different energy mixes is already underway and appears to be gaining
momentum as the growth in the use of renewable and sustainable energy sources
continues to increase. However, if the two main challenges of ‘more energy-less
carbon,” Fig. 25,3 are to be addressed on a global scale, how could this be achieved?

In 2013, WEC published a report [161] aimed at defining possible energy tran-
sition pathways to 2050 based on a three-year study by multinational experts. The
two scenarios were labeled ‘Jazz’ and ‘Symphony.” These scenarios were widely dis-
cussed through workshops, conferences, and other feedback mechanisms and in 2016
the two scenarios were expanded to three and renamed, ‘Modern Jazz,” ‘Unfinished
Symphony,” and ‘Hard Rock, Table 6, with the pathway period extended to 2060
and elements of the 2015 United Nations Framework Convention on Climate Change
(UNFCCC)’s ‘Paris Agreement’ [162] included. The ‘Unfinished Symphony’ par-
ticularly, but also the ‘Modern Jazz’ scenarios, would require, or at least imply, the
need for international governance, raising concerns about a hidden agenda involving
the time immemorial (and imperial) concept of a common political authority for
all humanity, in essence ‘World Government.” A number of other leading energy
organizations [163] have also suggested scenarios which have some commonali-
ties with all three WEC scenarios. For example, the five International SSP (Shared
Socioeconomic Pathways)*® are now being used as important contributions to the
IPCC’s climate models which will be used in the upcoming 2020-21, IPCC’s sixth
assessment report and will update the emission scenarios originally developed in
2000 [164]. The scenario SSP #3 [165], ‘Regional Rivalry—A Rocky Road (High
challenges to mitigation and adaptation)’ is close to the WEC’s Hard Rock vision and
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Fig. 25 BP Energy Outlook—the dual challenges (Op. cit., Reference [3], BP 2040 report Op. cit.)

35BP 2040 report Op. cit [194].

36Teams of climate scientists, economists, and energy systems modelers have built a range of five
new ‘pathways’ (SSP) that examine how global society, demographics and economics might change
over the next century. These will be used to update the IPCC’s 6th Assessment Report.
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Table 6 WEC transition pathways [166]

35

WEC transition pathways to 2060

Pathway Basic scenario Key elements 2019 description

Unfinished Broad-based * Strong policy Strong global

Symphony (US) international * Long-term cooperation, united
governance, covering planning climate action and
security, economic * Unified climate long-term integrated
and environmental change planning
matters * Voter driven

Modern Jazz (MJ) Economics focused ¢ Market Market-driven,
international mechanisms business and
governance ensuring | ¢ Technology technologically
that capital markets, innovation innovative, energy
technology transfer * Energy access for accessible and
and trade continue to all economically
function well * Consumer driven prosperous world

Hard Rock (HR) Fractured and weak » Fragmented Politically and
international system policies economically

that cannot address
global challenges

Local content
Best-Fit local
solutions

fragmented world,
where low economic
growth and low
innovation drive
countries toward
inward looking
policies and national
security issues,
resulting in poor
performance on
emissions
curtailment

envisages that global population will rise to over 12 billion by 2100, largely driven
by developing countries, coupled with ‘a low international priority for addressing
environmental concerns’ and with global average surface temperatures increasing by
3.85-4.07 °C at the start of the twenty-second century, way above the Paris Agree-
ment targets of 1.5/2.0 °C.

It is worth recalling, however, that these energy transition scenarios are based on
various models. Even so, for staunch environmentalists, the Hard Rock and SSP 3
scenarios must be depressing and disturbing, and although they appear to be unduly
pessimistic, given the state of the present global socioeconomic and geopolitical
situations, they may prove to be more accurate than anyone would wish, particularly
if some of the frightening consequences of a warmer planet actually happen. The
predictions for the SSP 3 scenario are that the temperature rise will increase to 2.25 °C
by 2050. If this proves to be the case, then it is likely, but not certain, that international
priorities will change rapidly along with precipitous rise in the global adoption of
non-carbon and low-carbon renewable energy sources.
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6 Concluding Remarks

Global investment in renewable energy developments between 2004 and 2017 has
been estimated [167] to be 2.9 trillion $US (not including large hydropower) of
which the vast bulk has been targeted by governments toward solar and wind energy
via such mechanisms as environmentally related taxes or charges on energy products
and personal transportation. These charges have usually led to significant increases in
the cost/kWh of domestic residential electricity especially in countries like Germany.
Indeed, as pointed out in a recent TED lecture [168] if Germany had used the $580
billion it spent on renewables to further develop its nuclear program then it would
already be producing 100% of its energy needs from ‘clean zero-emission sources.’
While there is a great deal of legitimacy in such utterances, it seems likely that the
public, outside of many US states and France, will not embrace nuclear power until
the second half of the twenty-first century, if ever, and only then if the environmental
forecasts of today become as cataclysmic as some insist. It remains to be seen whether
timely nuclear power resurgence will ever occur, or is needed.

Despite the documented environmental issues and GHG problems associated with
power generation by biomass combustion and water power, these forms of energy
will remain in use with biomass probably retaining its status as a renewable and
sustainable energy source. However, there could be a backlash against the use of
some forms of biomass because of the large number of air pollution related deaths,
2.6 million in 2016, which are particularly prevalent among very low and low-income
households which use wood, charcoal, crop waste, and dung for cooking and heating.
At the moment, it is difficult to reconcile the continued used of biomass energies with
the demands for reduced carbon dioxide emissions. Because of its higher energy
density wind power developments—at least at the utility-scale level—will likely
prove to be more attractive than equivalent solar systems, especially in offshore
locations such the coasts of the UK and Denmark, but nevertheless by mid-century
fossil fuels are likely to still play a dominant role which will gradually diminish
over the second part of the century as they become less cost competitive and as
societies begin to increasingly appreciate the scale of the harmful health effects of
air pollution.

The potential for the global use of geothermal power is significant and its exploita-
tion will likely increase as the Global Geothermal Alliance [169] has pledged a five-
fold increase by 2030 [170], but exploration and start-up costs may dampen enthusi-
asm for its development in many global regions where clear alternatives exist. ‘Earth-
quake Fear’ will also need to be overcome. Although the average number of earth-
quakes does not appear to have increased, and the occurrence of large earthquakes
(magnitude 7 and above) has been constant [171] since records began, methods of
detection and location have improved, so the National Earthquake Information Cen-
ter (NEIC) is said to locate between 12,000 and 14,000 earthquakes annually [172]
(although NEIC [173] claim that they actually locate 30,000 per year and suggest that
there are at least 1 million earthquakes globally each year!). So why the discrepancies
in the annual data? Organizations like NEIC and the US Geological Survey are only
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interested in locating and reporting the most important earthquakes, i.e., those with
a magnitude of 4 and above and not the magnitude 2 and 3 (and below) earthquakes
associated with some geothermal activities. In the USA, it is estimated that there are
only 12-50 such incidents annually and 1 (possibly) with a magnitude of 4 [174].
Although there is an absence of any convincing data to support the geothermal earth-
quake scenario, equally, data showing that the scenario is grossly overestimated is
also limited, so it is likely that the fears will persist.

Many of the types of obstacles being encountered with the development of renew-
able energies and other low-carbon energy sources are of a similar nature to those
which had to be overcome when transitioning from wood and whale oil to coal,
natural gas, and oil. Why should the transition from fossil fuels be any different?
Although energy transition over the past three centuries has given rise to Empires,
it is unlikely that a unified global empire will be the result of the coming transition.
Perhaps an indication that the transition is likely to follow to some extent the Hard
Rock pathway is that recently it has been reported that global energy demand in
2018 increased by approximately twice the annual average rate since the start of the
decade, and that, for the second year running, almost 70% of this new demand was
met by fossil fuels.?” Nevertheless, as Contescu [175] has stated,

There should be an agreement that hasty conclusions about the inevitably of a catastrophic
greenhouse warming effect just about to happen or already in progress is not a constructive
approach especially when powerful interests like the media and the environmental move-
ments try to sensationalize the alleged events.

Regardless, the thrust of Contescu’s observations and comments are that the
anthropogenic influences on climate change should be taken seriously and all stake-
holders should work together objectively and without a ‘sense of passionate cru-
saders’ to address the many unanswered questions, but also collectively admit unde-
niable facts. A laudable sentiment and in many ways a restatement of what President
Dwight D Eisenhower’s said about scientific research in his 1961 farewell speech
[176],

AKkin to, and largely responsible for the sweeping changes in our industrial-military posture,
has been the technological revolution during recent decades. In this revolution, research has
become central; it also becomes more formalized, complex, and costly. A steadily increasing
share is conducted for, by, or at the direction of, the Federal government. Today, the soli-
tary inventor, tinkering in his shop, has been overshadowed by task forces of scientists in
laboratories and testing fields. In the same fashion, the free university, historically the foun-
tainhead of free ideas and scientific discovery, has experienced a revolution in the conduct of
research. Partly because of the huge costs involved, a government contract becomes virtually
a substitute for intellectual curiosity. For every old blackboard there are now hundreds of
new electronic computers. The prospect of domination of the nation’s scholars by Federal
employment, project allocations, and the power of money is ever present and is gravely to
be regarded. Yet, in holding scientific research and discovery in respect, as we should, we
must also be alert to the equal and opposite danger that public policy could itself become
the captive of a scientific technological elite.

37Kelly McParland, “Why will the carbon taxers stop now?” Article published by the National Post
which appeared in the Windsor Star page NP 2, 9 April 2019.
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As previously mentioned, the bulk of the investments in renewable energy to date
have come from governments directly and indirectly, so if Eisenhower’s fears are
to be avoided, then perhaps an approach like Contescu’s needs to be adopted to the
forthcoming energy transitions, which may indeed culminate in 100% renewable
energy use in the future, but not in the period stressed as necessary in the Paris
Agreement.
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Exploring EKCs in Urban Water )
and Energy Use Patterns and Its e
Interconnections: A Case Study

in Southern Spain

Alfonso Exposito, Maria del P. Pablo-Romero and Antonio Sanchez-Braza

Abstract This study aims to explore the existence of environmental Kuznets curves
(EKCs) in urban water and energy use patterns at regional scale based on a wide data
set of 336 municipalities in the Guadalquivir River Basin. A systematic analysis of the
relationships between urban water-energy use patterns and indicators of economic
development (i.e. income and employment) is carried out. Additionally, this study
takes into account other determinants that might also have an impact on the urban
use of these resources, such as population density, age and educational level. Results
contribute to a better understanding of the socio-economic factors driving urban
demands for energy and water, thus also offering policy guidelines to guarantee the
sustainable management of both resources.

1 Introduction

Rapid urbanization and metropolitan expansion processes lead to an increasing use
of all sorts of resources, including energy and water resources. At world level, urban
areas are responsible for more than 20% of total water withdrawals and 70% of global
energy consumption, thus threatening the sustainable use of limited resources and
implying significant challenges for human welfare [7, 17]. This issue is especially
significant in the case of water, since by 2050 the world’s population may suffer from
fresh-water scarcity [46, 47]. In fact, both resources might act as limiting factors for
urban expansion and economic development, thus the analysis of the link between
the urban use of these resources and economic development is attracting increasing
interest among scholars, practitioners and policy-makers. Furthermore, these two
resources are interconnected in urban production and use patterns, as illustrated by
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the concept of “water-energy nexus” which reflects these interdependence relations
and its pivotal role in the sustainable development of the urban economy [17]. There-
fore, understanding the factors behind urban water and energy use is critical from
theoretical, technical and policy dimensions.

Both resources, energy and water, can be described as normal utilities with respect
to urban uses, as income increases would lead to higher demand pressures. In this
context, water and energy supply limitations only heighten the importance of analyz-
ing the relationship between economic development and the urban demand of these
interrelated resources, which is the main objective of this chapter. Most studies have
shown the existence of an inverted U-shaped environmental Kuznets curve (EKC)
to describe the relationship between economic development and energy and water
use patterns, thus showing that resource use increases in a first stage of economic
development, and decreases after achieving a certain threshold level of income (or
development level) [34]. Nevertheless, there is a growing empirical literature showing
that this is not always the case, leading to significant concerns about the sustainable
use of these resources in urban agglomerations.

This study aims to shed some light on this issue, based on a wide data set of 336
municipalities in the Guadalquivir River Basin through a systematic analysis of the
relationship between urban water-energy use patterns and indicators of economic
development (i.e. income and employment). Additionally, the presented analysis
includes other determinants that might also have an impact on the urban use of these
resources, such as population density, age and educational level. It is worth noting
that consumption and use concepts will be used indistinctively in the case of energy,
while in the case of water, we will refer to the use of the withdrawal amount of water
diverted to the urban sector which clearly differs from the final consumed amount.

The contribution of this study is that it analyzes water-energy use patterns at
regional level (i.e. river basin level), thus going beyond the study of a single urban
location or a specific production process as is the case in most studies in the exist-
ing literature. Furthermore, this study aims to offer a better understanding of socio-
economic factors driving urban demands for energy and water, thus also offering pol-
icy guidelines to guarantee the sustainable management of both resources at regional
level. After a brief literature review in the subsequent section about water and energy
EKCs in the urban sector, Sect. 3 offers an analysis of the links between water and
energy use patterns and economic development in our specific case study. Some
policy implications of the shown analysis are discussed in Sect. 4. Finally, the last
section summarizes some concluding remarks.

2 Water, Energy and Economic Development: Testing
EKC:s in the Urban Sector

Though the so-called Kuznets curve illustrated the paradoxical relationship between
economic growth and income inequality [38], the instrument of the environmental
Kuznets curve (EKC) (as firstly introduced by Grossman and Krueger [22]) has
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been extensively used to illustrate the relationship between specific environmental
indicators and economic development represented by an inverted U-shaped curve
[76]. Among these environmental indicators, water and energy use has attracted
significant attention in the literature under the assumption that economic development
constitutes a useful indicator to explain future trends of these resources’ use [12, 36].

The potential validity of the EKC hypothesis has been extensively tested from
several corners [10]. In most of them, total CO, emissions are used as the indicator of
environmental degradation, but also the total energy consumption is used in numerous
studies. The relationship between energy consumption and economic growth was
firstly analyzed for the pioneering study by Kraft and Kraft [37] which examined
this topic in the case of the USA. Since then, numerous studies have focused on the
energy-growth nexus. In this regard, an extensive review of these previous studies
has been done in the papers of Ozturk [48], Omri [49] and Tiba and Omri [68].

Some of these studies have also tested the energy-EKC hypothesis from a sector-
level perspective. Among them, it is worth highlighting the studies by Richmond
and Kaufmann [45], Nguyen-Van [61], Yoo and Lee [74], Zilio and Recalde [78] and
Pablo-Romero et al. [54] referring to the industrial sector, those by Katircioglu [33],
Pablo-Romero et al. [50] referring to the tourism sector, and the studies by Lin and
Du [40], Pablo-Romero et al. [51], and Rehermann and Pablo-Romero [60] referring
to the transport sector.

Framed in the scope of sectorial studies testing the existence of the energy-EKC,
it is worth highlighting those studies referring to energy consumption in the resi-
dential sector, as related to urban energy use patterns. Most previous papers ana-
lyzing the relationships between the residential energy consumption and income
focus on the microeconomic behaviour of households, usually using household sur-
vey data, and finding that growth in residential energy consumption depends on
the household’s income level. In this respect, Alberinit et al. [1] explore the resi-
dential demand for energy in the USA and the household income influence on this
demand, while Bohne et al. [5] carry out a global overview of residential building
energy consumption in eight climate zones considering a total of 31 countries and
14 provinces/municipalities.

From a macroeconomic prospect, most of the studies that explore these nexus
estimate the long-run and short-run elasticity of residential consumption for elec-
tricity. Among them, some of them have analyzed the nonlinear link between energy
consumption and economic growth by considering the energy-EKC hypothesis. It
may be highlighted, for instance, that the study by Yin et al. [73] calculate the short-
run and long-run elasticities of residential electricity consumption in China in order
to test the EKC, obtaining that the impact of income in residential electricity con-
sumption is insignificant in rural areas, while it is significant but small in urban
areas. Likewise, Liu et al. [41] use province-level panel data for China concluding
that the per capita residential electricity consumption increased proportionally with
the income growth of Chinese residents and not having been reached the income
threshold at which residential electricity consumption automatically remains stable
or decreases.
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In the same line, Bouznit et al. [6] estimate a residential electricity consumption
demand function for Algeria to explore its relation to income, finding that the link
between electricity use and GDP presents an inverted N-shape, with the second
turning point having been reached. Otherwise, Pablo-Romero and Sanchez-Braza
[53] analyze the link between residential energy consumption and income for the EU-
28, estimating the residential energy-EKC and calculating the elasticities with respect
to income for each country, exploring the different behaviours between countries and
concluding that the EKC hypothesis is confirmed for the residential sector in the EU-
28 countries.

Moreover, Pablo-Romero et al. [55] study the residential energy-EKC referring to
14 transition countries, but highlighting that the estimate results do not support the
EKC hypothesis. Similarly, Pablo-Romero et al. [52] analyze the evolution of total,
household and public administration electricity consumption for municipalities in the
South of Spain and showing that the obtained results do not support the energy-EKC
hypothesis.

Conversely to the case of energy use, existing literature has not yet offered con-
clusive results regarding the link between use (or withdrawal) of water resources
and economic development. Additionally, these few studies have usually offered
very sensitive findings with respect to the applied analytical method and the data set
used [34]. In this respect, heterogeneous data sets (e.g. developed and developing
countries and/or regions) [70], limited samples with few time observations [12], as
well as the specific conditions of the analyzed case study [77], may act as significant
limitations for conclusive results.

The seminal work of Rock [62] constituted the first serious attempt to test the
existence of an EKC with respect to global water use (all economic sectors included)
upon a cross-sectional data set. This study showed the existence of an inverted U-
shaped relationship between global water withdrawals and income (both in per capita
terms) for a sample of USA states. Subsequently, Shiklomanov [8], Cole [12] and
Duarte et al. [66] have arrived to similar findings using different samples of countries
and estimation methodologies. On the contrary, other studies have not arrived to
conclusive findings regarding the existence of an EKC to represent the evolution of
water consumption and income based on cross-country analyses [19, 34].

The existence of an EKC in the relationship between water use and production
indicators has also been tested for specific economic sectors. In the case of the agri-
cultural sector, studies such as Glokany [20] and Bhattarai [4] have corroborated
the existence of a U-inverted curve between agricultural water withdrawals and eco-
nomic development indicators. With regard to the industrial sector, the relationship
between per capita income and industrial water withdrawals generally follows a
bell-shaped path, as argued by Jia et al. [32], Hemati et al. [27] and Gu et al. [23].
Finally, the urban sector (mainly composed by households, service firms and small
industries) has been scarcely studied. Among this scant literature, Katz [34] ana-
lyzes the relationship between per capita income and water use for domestic uses,
as well as for other economic sectors and the whole economy for different samples
of countries and US states. In most cases, the EKC is confirmed for all sectors and
samples analyzed when parametric methods are used. Conversely, non-conclusive
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results are obtained with nonparametric methods. In this regard, the study of Katz
[34] represents one of the few studies to test EKC (both in its quadratic and cubic
forms) in the urban sector at national level, thus showing the convenience to carry
out specific sectoral studies at national or regional scales.

Otherwise, the relationships between water and energy use have recently received
growing attention [26], regarding the fact that water use may induce the use of
more energy, while the use of energy may also lead to higher water demand. This
interdependence of energy and water resources can be translated into the concept of
water-energy nexus [17]. In this sense, Wakeel et al. [71] consider energy and water
as essential and inextricably linked resources recognized as indispensable inputs to
the modern economy, making a literature review of previous studies. A majority of
these studies have focused on the analysis of the link between energy and water use
in the residential sector, finding that the energy intensity of residential end use is
very high due to processes such as heating water, washing clothes and dishes and
cooking activities [59].

Nevertheless, the analysis of the link between water and energy use patterns in
urban environments, to the best of our knowledge, has generally focused on opera-
tional levels (e.g. certain generation process or technology) [7]. In this sense, stud-
ies at greater levels of analysis (e.g. regional) such as the one presented in this
chapter are scarce, and thus needed in order to improve the existing knowledge
about the implications of the water-energy nexus for the management and gover-
nance of these resources. Moreover, it would be recommended to analyze specific
national or regional case studies in order to take into account the specific conditions
of those locations.

Existing literature also fails to consider the potential moderating role played by
other variables in the water-energy-income relationships. Within these other determi-
nants, the following can be highlighted: population characteristics, such as density,
age and educational level, as argued by Grafton et al. [21]; hydrological and climatic
differences [63], and economic structural changes and processes, such as tertiariza-
tion and urbanization [23, 32, 76].

3 Methodology

According to the previous literature review, it is reasonable to consider that a causal
relationship between energy consumption and water use may exist, which could be
from energy to water use, from water use to energy consumption or reciprocal. In
addition, this link between the variables is expected to be stronger in the residential
sector [59]. Nevertheless, empirical studies that analyze these links are still scarce,
which may be related to the impossibility to manage real data. In this study, the
relationships between urban water and energy consumption are analyzed for 366
Guadalquivir Basin municipalities in the period from 2005 to 2014.

Additionally, the relationships between electricity and water use may be affected
by other socio-economic variables, as these variables have been proven to have a
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positive or negative influence on energy or water consumption in previous studies.
Among them, income level has been considered to significantly affect water and
energy use. Therefore, it is expected to find a causal relationship between economic
development indicators and water and energy use patterns. It is therefore necessary
to study also these relationships.

According to the previous considerations, the first step of this study is to test
how water and energy use are related, and if income has any effect on the variables.
Initially, scatter plots may inform us about these relationships. But also, it is ade-
quate to test the causality between these two variables and income. In order to do
it, a series of pairwise panel Granger causality tests between the variables, by using
the Dumitrescu and Hurlin [14] test, have been performed. As this test requires the
variables to be stationary, the stochastic nature of the variables has been previously
studied. In order to do so, cross-sectional dependence among the variables was stud-
ied initially by using the Pesaran CD (cross dependence) test [56] to consider which
unit root test should be used. In the case that the null hypothesis of no cross-sectional
dependence was rejected, then a second-generation panel unit root should be used.
If the unit root test indicates that the series are 1(0), then it is adequate to perform the
Dumitrescu and Hurlin [14] test to analyze the Granger causality between variables.

Once the causality links are studied, the second step of the analysis is undertaken.
Several water and electricity demand functions have been estimated based on panel-
data regressions. These demand functions have been estimated by incorporating the
explanatory variables in a sequential way. Thus, initially the water and energy demand
functions have been estimated by including only the energy and water use variables,
respectively, as shown in (1).

Wir = Ais + B1Eis + u;
Eit = Ay + BiWir + ui; (D

where W and E refer to the per capita water and electricity use in logs, respectively.
The term A indicates the sum of the time and individual effects and i and ¢ subscripts
indicate the municipality and year, respectively. Finally, u is the random error term.

Then, the income variable has been included in the demand functions to consider
the effect of this variable in the relationships between energy and water use. As many
of the previous studies undertaken (see the literature review) consider a positive
linear effect running from income to water and energy use variables, the functions
(2) incorporating the income variable have been also estimated.

Wi = Ais + BiEis + B2Yir +uiy
Ei = Ay + BiWir + BoYir + s )

where Y indicates the per capita income in logs.

However, other previous studies have considered that there is a nonlinear impact
between the income and the mentioned variables. Most of these studies analyze the
nonlinearity by testing the water or energy-EKC hypotheses. In order to test the
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EKC hypothesis, some studies include the income and the squared income variables
in the demand function, while others include also the cubic income variable. These
functions may be expressed as follows:

Wiy = A + B1Ei; + BYir + ﬁsY,z, + u;;

Wi = Ai + BLEir + B2Yir + BsYi + BaYy + i

Eir = Air + BiWir + BoYir + BY7 + s

Eiy = Ait + BiWi + B2Yi + B3Y7; + BaYiy + i 3)

where according to Dinda [10],

If B, = B3 = B4 = 0, there is no relationship between E or W and Y.

If B, >00r B, <0and B3 = B4 = 0, a linear relationship between E or W and Y
exits.

If B, >0, B3 <0 and B4 = 0, an inverted U-shaped relationship between E or W
and Y exits. Then the EKC hypothesis is accepted.

If B, <0, B3 >0 and B4 = 0, an U-shaped relationship between E or W and Y
exits.

If B, >0, B3 <0and B4 >0, an N-shaped figure describe the relationship between E
or WandY.

If B, <0, B3 >0and B4 <0, an opposite to the N-shaped curve describe relationship
between E or W and Y.

To estimate these functions, instrumental variables techniques by the generalized
method of moments (GMM) will be used, considering one and two delayed values for
the water and energy variable (depending on the estimate function) as instruments.
Finally, it is worth noting that when including the income variable and their squared
and cubic values, multicollinearity problems may appear. Therefore, in order to avoid
these problems, all variables have been transformed to deviations from the geometric
mean of the sample as in Pablo-Romero and Sdnchez-Braza [53].

4 Data

Data refer to 336 municipalities belonging to the Guadalquivir Basin. The
Guadalquivir Basin is located in the south-west of Spain, in the region of Andalusia.
It has an extension of 57,527 km? and a water reservoir capacity of 8,600 hm?, with
an average water use at about 3,800 hm? per year. Although the main water use (85%)
is related to agriculture, residential and services water use (referred to in this study
as urban water use) is relevant as it supplies a population of more than 4 million
people, which are located in 466 municipalities of very different sizes.

The Guadalquivir River Basin Authority (GRBA) offers water use data related
to agriculture, industry, services and residential sectors. Therefore, it is possible to
consider urban water use as the sum of the two previously mentioned sectors. Figures,
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available from 2005 to 2014, are expressed in thousand m?. Data from 2014 indicate
that the per capita average water use in the basin was 0.087 thousand m?.

Energy use in the cited municipalities may be obtained from the regional SIMA
database [67]. This database uniquely offers data on electricity consumption, but
available from 2000 to 2014 in most of the Andalusian municipalities, including
much of those belonging to the Guadalquivir Basin. Data are divided into residential,
industrial, agricultural and public administration sectors. Therefore, it is possible to
approximate the urban electricity consumption by considering the total electricity
consumption minus industrial and agricultural electricity uses. Figures are expressed
in megawatt-hours/year and can be converted into per capita values by using the
SIMA data related to population.

The crossing of the two databases allows us to obtain enough information on
water and electricity consumption in 366 Guadalquivir Basin municipalities, in the
period from 2005 to 2014. Table 1 shows the main descriptive statistics of the water
and energy use variables in per capita terms.

Additionally, as income data may affect the relationships between water and elec-
tricity use, data related to the municipal income has also been considered. In this
sense, SIMA database offers information related to personal income tax declarations.
The variable value is expressed in 2010 constant euros, which can be converted into
per capita terms. Table 2 shows the descriptive statistics of the variable.

Table 1 Descriptive statistics of per capita water and electricity use

Variable Variability Mean St. deviation Min Max

Water use Overall 0.00008 0.000039 7.55¢~1! 0.00038
Between 0.000035 8.55¢7° 0.00032
Within 0.000017 —0.00008 0.00026

Electricity use Overall 2.69627 1.9167 0.04113 38.938
Between 1.5812 0.02121 18.664
Within 1.0865 —14.060 22.971

Table 2 Descriptive statistics of per capita income

Variability Mean St. deviation Min Max

Overall 4675.72 2160.15 621.14 32875.90

Between 2100.64 735.24 28196.26

Within 515.12 —39.33 9355.37
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5 Results and Discussion

5.1 Results

The first step of the analysis aims to explore the relationships between E, W and
Y. Initially, the scatter plots are displayed to inform us about these relationships.
Figure 1 shows the scatter plot of the electricity and water use in the Guadalquivir
Basin municipalities. As can be observed, a quite linear relationship may be inferred
between both variables. Likewise, the correlation observed between them, with a
0.9925 value, may also suggest that both variables may be linked among them.

Likewise, Fig. 2 shows the scatter plot between income and the water and elec-
tricity energy use. Once again, it seems to have quite linear relationships between
variables, so it could be expected that income influences the mentioned variables.

Taking into account these results and in order to test how water and energy use
are related, and if income has any effect on the variables, it is adequate to test the
causality between these two variables and income.

Table 3 shows a series of pairwise panel Granger causality tests between the vari-
ables by using the Dumitrescu and Hurlin [14] test, when variables are expressed
in per capita terms and converted into logs. As Pesaran CD test results do not
allow to reject the null hypothesis of no cross-sectional dependence, the second-
generation panel unit root CIPS (cross-sectional augmented Im Pesaran and Shin)
tests by Pesaran [57] have been performed, with results showing that variables may
be considered stationary. Therefore, it is adequate to perform the Dumitrescu and
Hurlin [14] test to analyze the Granger causality between variables.
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Fig. 1 Scatter plot between electricity and water use in the Guadalquivir Basin municipalities
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Fig. 2 Scatter plot between income and water and electricity use in the Guadalquivir Basin munic-
ipalities. Source Authors’ own elaboration

Table 3 Granger causality in panel data: Dumitrescu and Hurlin test

Causality Z-bar Z-bar tilde
W—E 25.7489%** 5.1324%%%
E—>W 27.4985%%* 5.6573%%%*
Y —>E 69.1671%%* 18.1578%*%*
YW 52.6804%** 13.2118%%*
E—Y 5.8438%%* —0.8392
WY 13.1980%** 1.3671

Note *1ags have been selected by using the AIC criteria

The results indicate that a bidirectional Granger causality relationship exists
between the water and electricity use, while the causality between income and water
use and income and electricity use is confirmed when running from income to the
variables, but not when running from these variables to income.

Once the causality links between the variables have been studied, the demand
functions [from (1) to (3)] are estimated. Table 4 shows the estimate results of the
previous functions. Instrumental variables techniques by the generalized method
of moments (GMM) have been used, considering one and two delayed values for
the water and energy variable (depending on the estimate function) as instruments.
Likewise, the functions have been estimated in presence or autocorrelation and het-
eroscedasticity according to the Wooldridge and Wald test for autocorrelation and
homoscedasticity, respectively.

The first water function estimate results indicate that there is a positive and signif-
icant elasticity with respect to energy use. Nevertheless, when income is included in
the function (in all estimates), the elasticity becomes negative, indicating that some
kind of substitution relationship exists between both variables. In the case of the
electricity use functions, the results are quite similar. A positive (but non-significant)
elasticity is observed with respect to water use when income is not included in the



57

Exploring EKCs in Urban Water and Energy Use Patterns ...

K[9A1100ds1 ‘S[OAQ] 90UBIYIUSIS 95 ()] PUB 956 ‘951 JUSSAIAAT 4 ‘i “yss 2ION

189
uoneOyNUIP!
00L'C 81TC 1844 6100 Ir10 080°0 7600 80T Joao uesdres
189
uoneROYNUIPI
Yeom Y1 deeq
#xx9°LO61 %€ LT0C #xx17'0€0C x5 [ '€CIT #xx000°€ 1 #%x000°C #xx000°€ #xx000°C1 ~UdZIqI[]
189
uoneOyNUIPI
Iopun Y1 deeq
w81 sk 1OV sk 1OV ] #xxG 1S #xx[STC #xxVS1T #xxVS1T #5%C0SC -UdB10qIA[ 3|
#10°0) #10°0) #10°0)
#:%950°0— s LV0°0— #xx970°0— | (S10°0) 900°0 M
(LEO'0) (LEO0) (X0X0)] (620°0)
#xx5€10— #xx01 10— #xx801°0— #%x080°0 q
0200 (S€0°0)
=% [€1°0 #%x861°0 A
(820°0) (820°0) (8%0°0) (6¥0°0)
#1S0°0— #*L¥0'0— %*8L0°0— 2LO0— A
(T€0'0) (920°0) (S20°0) (950°0) (8¥0°0) (LY00)
#0070 #x:%816°0 #8060 #5xSLC0 #9770 #xx0CY 0 A
asn A10Lo9[g EREIITN JqeLIeA

SUONOUNJ UOISSaISar AS10us pue JoJem IOJ sejewnsa NJAD § dqelL



58 A. Expésito et al.

analysis, but a negative elasticity is observed when income is included in the function
(in all estimates).

On the other hand, the relationships between income and electricity or water seem
to be very similar. In both cases, a positive and significant elasticity are observed
when income is included in a linear function. Likewise, when including the squared
term an EKC shape is confirmed. Nevertheless, if the cubic term is also included an N-
shape is observed. Therefore, the results in both cases, i.e. for water and electricity
use, determine that when income grows, the use of these variables tends to grow
initially and decrease if income is still growing, but once again tends to grow when
the income becomes higher. Therefore, if income tends to grow in future, we can
expect an increase in water and electricity use, although some kind of substitution
may be obtained between both variables.

5.2 Discussion

The obtained results indicate that relationships between income and electricity and
water use patters register a positive and significant elasticity. These findings support
the EKC hypotheses, confirming the existence of an inverted U-shaped EKC to
describe these relationships when the squared term of income is considered. However,
when the cubic term is also included, an N-shaped EKC is not found. These results
are in line with the conclusions obtained in previous literature, as the studies by
Pablo-Romero and Sdnchez-Braza [53] and Bouznit et al. [6] in the case of energy
use, or the ones by Rock [62], Shiklomanov [8], Cole [12] and Duarte et al. [66]
related to water use.

In addition, previous studies have considered other variables when analyzing the
water or energy EKCs. In this sense, Costantini and Martini [9] consider that the
inclusion of these factors should be convenient, since it could condition the some
obtained conclusions. In this sense, some population and territory characteristics
may influence the energy-water use relationships. Among these variables, population
density and urbanization have been included in studies investigating the relationship
between economic growth and energy consumption, as for example, the studies
by Holden and Norland [13] and Dujardin et al. [28], respectively. These studies
indicate that urban characteristics of the analyzed municipalities may determinate
the significance of the water-energy-economic development nexus. In this sense,
urban density may play an important role in order to improve efficiency favouring
energy and water use savings [13].

Regarding population characteristics, age and educational attainment may have
also some kind of impact on the relationship. The first one has been considered
to positively influence the urban water consumption [35, 63], while the second is
considered to have an impact on both water and energy consumption. Related to water
use, several studies such as House-Peters et al. [29] and Shandas and Parandvash [65]
suggest that education has a negative effect on water consumption, considering then
that this variable improves environmental conservation. In the same vein, several
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studies related to energy consumption in urban areas suggest that education may
influence the purchase of energy efficiency appliances [72].

6 Policy Implications

Water and energy resources are indispensable inputs for economic development and
human welfare, and increasing consumption pressures are expected from households
by 2050 [46]. Consequently, as exposed in Lee et al. [39], the water-energy nexus is
increasingly highlighted as a fundamental issue for strategic policy considerations
and future sustainability planning, also considering that both resources, energy and
water, are highly vulnerable to the effects of global climate change [58]. In recent
decades, policy interest has increased due to the increasing challenges regarding
three fundamental aspects: supply security, sustainable use and efficient generation
of water and energy, leading to growing international concerns (as shown by the
various United Nations Sustainable Development Goals related to energy and water
use) and actions in terms of legislation and policy reforms. Furthermore, in the
case of urban environments, the constraining nature of water and energy resources
is maximized, limiting the expansion of urban areas and their capacity to harbour
the growing population (world population will reach 9 billion by 2050, 70% of
which will be urban). Additionally, as shown in previous sections, urban use of
these resources is interlinked, since most water infrastructures (e.g. conveyance,
pumping, potable treatment, reclamation) rely on a high energy consumption [64].
Therefore, it is foreseeable that development of energy-intensive technologies will
become inevitable leading to higher water-related energy intensity and environmental
impacts in future [69].

In this regard, some studies have analyzed the trade-offs between energy and
water by modelling water demand for energy generation and the energy requirements
for water services [43, 44]. Nevertheless, the systematic study of the global water-
energy-economic development relationship for urban environments is still scarce,
since existing literature generally focus on a specific resource and production process
[46].

According to Fang and Chen [17], the rapid urbanization and expansion of
metropolitan areas have severely increased the demands on energy and water
resources, threatening the sustainability of the urban economy and environment.
This issue is especially relevant in the case of water in closed river basins, such as
the analyzed case study, where all available resources are used among the alternative
uses (including the environment) and no supply increases are foreseen [15, 16, 42].
Several studies suggest that a joint management of water and energy resources in
urban areas should be desirable, since the water-energy nexus in the urban context is
fundamentally determined by decision-making at local and regional (e.g. watershed)
scales. Apart from the development of technical solutions that might help to cou-
ple energy and water generation at local levels (e.g. desalination with wind power
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energy), Scott et al. [64] argue that coupling water-energy policies implies the con-
sideration of the linkages between the use of both resources in urban environments
in the decision-making process framed within a multi-tiered institutional scheme
(e.g. local, watershed, regional, national), as well as between the resource stocks and
the changing human demand of these resources. Thus, decision and policy-making
regarding water-energy use patterns in urban environments may consider resource
governance aspects (above mere resource management characteristic of operational
levels), thus raising opportunities for development of global-change adaptation poli-
cies in response to current and future challenges, such as urban population growth,
migration pressures and climate change. In this respect, studies such as those of
the Intergovernmental Panel on Climate Change (IPCC) [31] and Scott et al. [64]
argue that adapting strategies to reduce vulnerability of urban areas to global climate
change may lead to water and energy use increases and acceleration of environmen-
tal degradation (e.g. carbon emissions and water scarcity), since per capita water
and energy consumption for irrigation of urban green areas, air-conditioning and
other uses may increase. In this regard, some studies have considered the correlation
between the water-energy nexus and greenhouse gas emissions (see, for instance,
Feng et al. [18] and Zhang et al. [75]).

In this context of increasing global challenges due to population growth, accel-
erating urbanization and climate change, among others, multi-tiered institutional
cooperation has emerged as a useful framework to develop the much needed reforms
at all policy scales. Following Pittock [58], to deal with all these questions, coordi-
nated policy-making is required, taking into account that the conflicts and synergies
between climate, energy, water and environmental policies can create additional
challenges for governments to deploy integrated policies in order to deliver multiple
benefits. The challenges for policy-makers are to develop effective policies and tools
that integrate the water-energy nexus into policy and investment decisions [30].

Regarding water resources, the Global Water Partnership defines integrated water
resource management (IWRM) as a “process which promotes the coordinated devel-
opment and management of water, land and related resources, in order to maximize
the resultant economic and social welfare in an equitable manner without compro-
mising the sustainability of vital ecosystems” [25]. Thus, IWRM is a comprehensive,
multidisciplinary and cross-sectoral planning and implementation tool for managing
and developing water resources [2]. In our opinion, IWRM framework should be
extended to other resources that, like energy, present a clear interconnection with
water consumption, especially in urban contexts. In this respect, the forthcoming
reform of the EU Water Framework Directive, which is the masterpiece of the Euro-
pean water legislation, should take into account the water-energy nexus, thus avoid-
ing fragmentation and inconsistencies between water and energy legislations and
governance institutions to strategically integrate both sectors [3].
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7 Concluding Remarks

The analysis of the link between water and energy use patterns in urban environments
has generally focused on operational levels, thus studies at greater levels of analysis
(e.g. regional) such as the one presented in this chapter are needed in order to improve
the existing knowledge about the implications of the water-energy nexus for the
management and governance of these resources. The main contribution of this study
is that it analyzes water-energy use patterns at the regional level (i.e. river basin level),
thus going beyond the study of a single urban location or a specific production process
as is the case in most studies in the existing literature.

In the case of the Guadalquivir Basin analyzed in this study, the relationships
between income and electricity and water use patterns are characterized by the exis-
tence of a positive and significant elasticity. Likewise, an EKC shape is confirmed
when including the squared term of the income variable and the N-shaped EKC is
observed when the cubic term is included. Therefore, if income tends to grow in
future, we can expect an increase in water and electricity use, although some kind of
substitution may be obtained between both variables.

In the policy arena, since urban demands of both resources are increasingly inter-
related, the need for joint water and energy resource management is nowadays more
evident than ever through what has been called energy-water policy coupling. In
this regard, the study of these relationships offers relevant information for sustain-
able resources management and planning, especially in those locations where water
and energy supplies face significant constraints (as is the case of the Mediterranean
region). Moreover, though resources can be managed at multiple scales, in the case
of energy and water resources their management is usually carried out at regional (or
national) level, requiring studies that go beyond local boundaries. Furthermore, we
believe that regional (or national) decision-making for water and energy resources
raise new opportunities for adaptation to global change processes and guarantee the
sustainable management of both resources.

Finally, and regarding territory characteristics, two indicators can be considered
to influence the water-energy nexus: territory population density and urban/rural
characteristics of the municipality. These indicators have been previously considered
in local studies; for example, in Domene and Sauri [11] and Giineralp et al. [24].
Taking into account that other variables may influence the relationships, it may be
appropriate to include these variables in future studies to determine whether or not
they have significant effects on the energy-water relationships.
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Abstract Phosphorus is essential for all living beings and it also serves as an impor-
tant macro-nutrient for biological tissues. It is a vital element, needed to sustain food
production and is widely used in the agricultural sector. However, phosphorus as a
resource is limited, with estimates suggesting that the world supply could be depleted
in a few decades. As a result, it will elevate the issues related to food production, and
therefore, consideration of its recovery has become a focus of interest to researchers.
Wastewaters from municipalities and some industries can contain high concentration
of phosphorus which, if not treated, can cause eutrophication to receiving waters. In
recent years, treatment and reuse of phosphate mining wastewater have been gaining
considerable attention. The mining of phosphorus from raw phosphate rock (PR) can
lead to air pollution, eutrophication in receiving waters, land degradation through
phosphogypsum (emitted by stacks near the mining sites), and soil contamination.
Recently, various treatment methods have been suggested to treat phosphorus-rich
wastewaters. These include chemical precipitation, biological, combined chemical
and biological treatment, and several wastewater and sludge-based methods. A brief
description of these has been presented in this chapter.

1 Introduction

In recent years, environmental impact by human activities has become a serious
concern. Our present lifestyle is supported through large-scale exploitation of natural
resources like minerals, agricultural land, forestry, and water. Phosphorus is essential
to all living life and is a crucial component in fertilizers to sustain high crop yield.
It has been reported that there is no substitute for phosphorus in food production
and with a projected nine billion population of the world by 2050, having sufficient
phosphorus will be critical for the future food security [14]. Currently, phosphate
rock is the main source of phosphorus. However, it is non-renewable, expensive,
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and getting depleted [12, 14]. Studies have reported that, globally, the commercial
phosphate reserves will be depleted in 50-100 years based on the current rate of
extraction, and the remaining reserve will be of low quality and very expensive
to extract [12]. It has been reported that by the middle of this century, the food
production will increase by 30%. Currently, 82% of the mined phosphorus is used in
agriculture, 7% is used to produce animal feed, and the remaining 11% of the mined
phosphorus is used in industry and medicine for the production of pharmaceuticals,
oils, detergents, or even textiles [11, 52].

If untreated wastewater with high levels of phosphorus, which could be as high
as 100 mg/L, is released into the water body, it can cause an imbalance of aquatic
organisms and affect the water quality by causing eutrophication, which decreases
dissolved oxygen levels and increases excessive algae growth [23, 29]. The suggested
allowable level of phosphorus concentration in treated wastewater, in general, should
not exceed 50 g L' [57] to limit eutrophication. Therefore, it is imperative that
the phosphorus-laden wastewater must be treated, and every effort should be made
to recover and reuse phosphorus [35].

There are several methods that have been proposed to reduce phosphorus during
the wastewater treatment [7]. One of the passive systems, that is sustainable, uses
enhanced biological phosphorus removal (EBPR). The process depends on a special-
ized community of microbial flora that facilitates recycling and complete removal of
phosphorus from municipal wastewaters [31].

2 Global Phosphate Rock Reserve

Recovery of phosphorus from mining wastewater could reduce the dependency on
the global phosphate rock market [3]. Phosphate is an inorganic salt of phosphoric
acid and found naturally as a phosphate rock [34, 52]. Phosphate can be found both
as phosphate rock and potash ore. Phosphate rock is an igneous rock containing
phosphate ions named as rock phosphate or phosphorite [1]. Potash is also mined as
a salt of phosphate, which contains potassium in water-soluble form.

China, Russia, USA, Morocco, and South Africa are some of the major phosphate
producing countries in the world, as shown in Fig. 1 [52]. The small Polynesian island,
Nauru and Banana Island, has a massive deposit of phosphate of highest quality (Ali
et al. [2]. Besides this, Egypt, Israel, Jordan, Navassa Island, Tunisia, Togo, and
Jordan also have large phosphate mining industries. USA has the largest reserves
of phosphorus, while South Africa exports the largest quantity. Consequently, the
geopolitical situation can play an important role on the price and availability of
phosphorus [11]. Approximately, 95% of the US phosphate rock mined is used to
manufacture wet-process phosphoric acid and superphosphoric acid, used as feed-
stocks for the production of liquid ammonium phosphate fertilizers and animal feed
supplements [24]. Mosaic is the largest phosphate mining company in the world,
which produces 5% of world phosphate production [8, 56]. In Canada, a substantial
deposit of phosphate has been found in Saskatchewan. Currently, eleven phosphate



Mining Phosphate from Wastewater: Treatment ... 69

United States
21%

Canada Australia South Africa
0.5% 2% 2%

Fig. 1 World rock phosphate production 2008: 148.4 million tones [56]

mining companies are in operation in Canada. A large amount of phosphate rock is
found on the continental shelf and on seamounts in the Atlantic and Pacific Oceans
[56]. Recovering these deposits from oceans is still too expensive [51]; however,
researchers are investigating cost-effective techniques to extract phosphates from
underwater [13, 51]. In terms of its production, the State of Florida alone produces
75% of phosphate required for USA and 25% for the world [55].

3 Peak Phosphorus

In 1949, Hubbert showed that the production of all-natural resources has a peak time,
after which the production will decrease, and price will increase. This effect is called
Hubbert peak [12]. Due to the availability of natural phosphates being limited, the
world could face dwindling supplies of phosphate unless proper steps are taken to
its efficient use and further recovery from wastes. Though alternatives are available
through organic manure and mineral fertilizers, phosphate is the prime source of
fertilizer for our modern agricultural industry. Unfortunately, there is no substitute
for the critical role of phosphate in plant development and production. In 2008, the
total reserve of phosphorus was estimated to be approximately 3,200 MT, with a
peak production of 28 MT/year in 2034, shown in Fig. 2. Some researchers believe
that Hubbert-peak phosphorus will arrive within 30 years, and at the current rate, it
could be depleted within 50-100 years [59]. According to Hubbert, the crucial time,
for any limited resource, is not when the production starts declining but when the
production is at its peak. Between 2007 and 2008, the world experienced its first
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Fig. 2 Peak phosphorus ‘Hubbert’ curve, indicating that production will eventually reach a maxi-
mum, after which it will decline [12]

significant price shock of phosphate rock when it increased by US$300/ton in just
14 months [33].

Because the peak time is approaching, now is the appropriate time to recover and
reuse phosphate in a significant way.

4 Phosphate Mining Wastewater

A large quantity of water is used by the phosphate mining industries. Water is required
both during mining and processing of the phosphate ore. The water demand is high
during the washing and flotation cycle. The Mosaic company in Florida, the largest
phosphate mining company of the world, has a permit to use 76 million gallon
of water per day from the central Florida groundwater aquifer [40]. They require
around 2000 gallons of water for each ton of phosphate production, which is an
indication of the large amount of water required for this industry [40]. Runoff from
phosphate mining sites is another environmental issue and this, if untreated, can
lead to severe water contamination. Approximately, 40% of the marine lifecycle has
already been affected due to this pollution [58]. Some of the mines also have to deal
with the radioactive materials in their process wastewater. In one report, it has been
suggested that phosphate mine tailings lead to radon release because of the presence
of the radioactive element, uranium [42, 58].

Wastewater produced from phosphate mining has been characterized by sev-
eral researchers worldwide [21, 29, 63, 18]. Jiries et al. [26] investigated the efflu-
ent wastewater from phosphate mining to establish its constituents. El-Hasan [18]
reported high levels of heavy metals in the slime produced from phosphate mining
in Jordan. In phosphate mining wastewater, phosphate is mostly present as organic
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phosphate, inorganic phosphate, oligophosphate, and polyphosphate [1, 29]. Phos-
phate ore processing wastewater can result in radioactive phosphogypsum wastes
[21, 45]. The phosphogypsum is stored in massive piles known as gyp stacks,
which produces reservoirs of acidic wastewater [15]. This acidic wastewater can
cause serious environmental problem if released without treatment. Some phos-
phate rock deposits are also a source of significant quantities of radioactive uranium
isotopes [21].

Phosphate mine slime (PMS) is a byproduct from phosphate mining industry,
which is stored in settling ponds and may occupy thirty to forty percent of a mine site.
For each ton of manufactured phosphate discharge, approximately one ton of PMS is
generated, which causes a serious waste disposal problem for many countries [15].
PMS is discharged into the environment through the wastewater generated during
the processing of ores. Heavy metals such as cadmium, zinc, copper, and chromium
are also found in phosphate mining wastewaters [21, 47].

Since phosphate mining wastewater normally contains high concentration of phos-
phorus, it is a good source to reclaim the phosphate from the wastewater. Following
primary or secondary treatment, it can also be used by the agricultural sector [63].
Rimawaie et al. [47] investigated the water quality produced from phosphate mining
and found that it can be used as irrigation water for salt-tolerant plants after removing
contaminants such as heavy metals. The treated water was used to cultivate various
types of animal fodder like Zea mays spp. and Medicago Lipulina spp. These can
also be a potential source of fertilizer for seasonal crops. Jellali et al. [25] studied the
reuse of PMS as a cost-effective adsorbent in removing phosphate anions from syn-
thetic wastewater that has received secondary treatment. The cost-effective and high
adsorptive capability of PMS makes it an attractive material for phosphate anions
removal with the possibility of agronomic reuse as fertilizer [25].

In phosphate mining, water is used in two steps, during extraction of the ores
followed by water usage during processing. In conventional mechanized extracting
process where ores are extracted both from underwater and underground, the major
use of water is as a coolant. The water used in this process is same as in other
ore mining processes. Solution mining is also a recent technique used in phosphate
mining used by industries [21, 46]. In this process, heated brine is used to dissolve
sylvite (KCI) from the ore and later phosphate is precipitated out when brine is cooled.
The solution mining method, where the overall mining cost is much lower, requires
a higher quantity of water than the conventional method. This has driven most of
the phosphate mining industries, including those in North America, to choose the
solution method. In the second step of the solution method where ores are processed
to extract phosphate, a larger quantity of water is required. Ores are crushed and then
flotation technique is used to separate clay, dolomite, and sand from the phosphate
ores. Flotation is a widely used method where desired material can be segregated
from the mineral ore [46].

When phosphate is processed into fertilizer using sulfuric acid, gypsum is formed
as a byproduct, termed phosphogypsum. This Phosphogypsum is radioactive due to
the natural presence of radioactive metals [21] PMS can be a cause of change in
groundwater flow depending on the permeability of the soil on site.
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The average ionic composition of phosphate mining wastewater found by
researchers is listed in Table 1 [26, [47]. The difference in the Na concentration
could be due to the use of brine [47]. The average concentration of phosphorus is
normally high (20 mg/L) in municipal wastewater [36]. Therefore, it is an excellent
source for reclamation of phosphorus.

5 Treatment of Phosphate Mining Wastewater
for Phosphorous Reuse

Concurrently treating and scavenging of phosphate from mining wastewater can be
a complicated process and may require the removal of other impurities, first. For
example, phosphorus mining wastewater may require heavy as well as radioactive
metal removal [25]. Phosphorus can be removed by both chemical precipitation
and biological treatment [39]. For heavy metal removal, precipitation technique is
normally used as a combined process with phosphorus removal. A brief description
of both chemical precipitation and biological treatment is given below.

5.1 Chemical Precipitation Treatment

Chemical precipitation is the most widely used method in treating phosphate mining
wastewater due to its high phosphorus removal efficiency, up to 90%, [54]. The
principle of wastewater phosphorus removal relies on the concept that dissolved
orthophosphate can be converted to its insoluble form. This method uses di and tri
valent metal salts. Normally, iron salts (Fe?* and Fe?*) or aluminum salts (AI**)
are used to precipitate phosphorus from wastewater. Calcium (Ca?*) is also used in
the form of lime (CaCO;) to precipitate phosphorus. Metal salts can be added in
the primary or upstream of the secondary clarifier. Insoluble phosphates are then
removed by solid separation process such as sedimentation, filtration, or flotation
[61]. A typical chemical precipitation plant for phosphorus removal is given in Fig. 3.

Lime, alum, and iron salts can be used for chemical precipitation of phosphates.
The reaction proceeds as given below [36].

Lime

10Ca** + 6PO3~ + 20H™ < Cayo(POy)(OH), | (1)
Mg?* 4+ 20H~ < Mg(OH), )

Ca’" + CO3} « CaCoO; (3)
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Fig. 3 Combined chemical and biological treatment for phosphate mining wastewater

Alum
AP~ +PO}™ < AIPO, | “4)
2A1~ 4+ 30H < Al(OH); | (5)
Tron
Fe’™ + PO;~ < FePO, | (6)
Fe’t 4+ 30H <> Fe(OH); | (7)

In previous studies, phosphorus recovery was carried out from acidic wastewater
by hydroxyapatites [4, 32]. This was done by using lime at various molar ratios
(Ca/P = 1.4 and above), which showed 80% recovery efficiency of phosphorus
from the wastewater [10]. A feasibility study was carried out for implementing an
ammonia and phosphate recovery system, by calcium-activated synthetic zeolite in a
wastewater treatment plant in metropolitan areas of Barcelona; the study concluded
that implementation of this method would be beneficial, however, more research is
required in the synthesis and activation of zeolites [60].

5.2 Biological Treatment

The assimilation process and enhanced biological phosphorus removal (EBPR) are
two major biological treatment processes used for phosphorus removal from mining
wastewater [30, 64]. A short description of both processes is given below.



Mining Phosphate from Wastewater: Treatment ... 75

Anaerobic Aerobic Stage Precipitation
Stage tank
Inflow Outflow
— ——— >

Return Sludge

Surplus sludge

Fig. 4 Typical EBPR used in phosphate mining wastewater treatment

Phosphorus removal from wastewater has long been achieved through biological
assimilation. The process involves the incorporation of phosphorus, an essential ele-
ment, into the biomass of photosynthetic organisms [2]. Normally, a treatment pond
with planktonic or attached algae rooted or floated is used to remove the phosphorus
from the wastewater. Biological assimilation requires a large area of wetland and
regular removal of net biomass. This could be a cheaper technique to remove phos-
phorus from mining wastes. However, the required land may not be always available,
and the system requires constant supervision.

The EBPR process uses phosphate-accumulating organisms (PAOs) which store
polyphosphate as an energy reserve in their intercellular granules [37, 41]. A
schematic diagram of a typical EBPR is shown in Fig. 4.

6 Reuse of Phosphate Mining Wastewater

Due to the increasing price of phosphate, several researchers are investigating effi-
cient ways to reuse the phosphate mining wastewater, which can be a potential source
of the element [19, 25]. Recently, couple of techniques have been proposed to reuse
phosphate mining wastewater sludge in the agricultural sector [63]. It can be done by
applying the primary sludge directly to the land where the phosphates from wastewa-
ter are consumed as fertilizer. Primary sludge can also be used after initial treatment.
Another technique includes combining sludge with fertilizers in different ratios [63].
Besides it’s usage as fertilizer, the phosphate mining industries are now reusing their
wastewater, after complete or partial treatment, in the mining operation [14]. This
can reduce the high demand of water—often the groundwater in the area.

A pilot study was carried out by Rimwai et al. (2007) in Jordan to reuse the
phosphate mining wastewater directly in its raw form and after primary treatment.
They planted two species of crop (Zea mays spp. and Medicago lupulina spp.) in six
separate plots, 50 m? each. Different types of water—fresh, mine wastewater, and
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Fig. 5 Crop yield of Zea mays (black) and Medicago lupulina (gray) in different types of agricul-
tural water (Rimwai et al. 2007)

hybrid (50% fresh with 50% mine wastewater)—were used as an agricultural water
for both the crops. Water, soil, and plant samples were analyzed at different times
during the plant growth. Crop yield was used to calculate the efficiency of the addition
of phosphate mining wastewater. Crop yield production with hybrid wastewater was
found to be 31% more when compared to the yield using only mine wastewater
for Medicago lupulina spp. (Fig. 5). However, this production was heavily affected
when high salinity was introduced in the mining wastewater. Recently, several high
salinity-tolerant crops have been introduced in different parts of the world by genetic
manipulation so that these can grow when irrigated with mining wastewater [48, 20].
Literature search shows that none of these or similar studies included the effects of
any types of radioactive materials on the crops. However, this should be an important
consideration in terms of the future use of mining wastewater as irrigation water [20].

An extensive series of studies on phosphorous recovery has been carried out by
various researchers [6, 43, 44]. One of the studies investigated two-stage intermittent
aeration process to understand the factors affecting phosphorus removal in domestic
sewage treatment. They concluded that longer aeration cycle can negatively impact
the phosphorus removal [62]. Another study considered recovery of phosphorous as
struvite (MgNH4PO,4-6H,0) by using a magnesium ammonium phosphate (MAP)
fluidized bed crystallizer. They used a pilot-scale crystallization of struvite collected
from the centrate from an anaerobic digester. Operating pH (8.0-8.2) and recycle ratio
(5-9) were maintained to control the supersaturation conditions inside the reactor. It
was possible to remove 75-85% of phosphorous by providing a narrow window of
up-flow velocity of 400410 cm/min [6].
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The phosphorus recovery from wastewater is possible through struvite crystalliza-
tion technologies [22]. Struvite (aluminum-magnesium phosphate) is a byproduct
of phosphate removal during the biological wastewater removal process [22]. This
struvite can be used as a fertilizer directly in the field [28]. It not only can reduce the
phosphorus pollution of the environment but also can mitigate the agricultural need
for artificial phosphorus as fertilizers [28].

7 Summary and Conclusions

Though the reuse of phosphate mining wastewater is still not practiced widely, the
high demand of natural phosphate and high demand of natural groundwater by the
phosphate mining industries would soon cause them to realize that the possible reuse
of their wastewater is eventual and necessary. An efficient recycling technique is
in high demand where less water is available for phosphate mining. A combined
treatment of phosphate mining wastewater with possible reuse of phosphate would
allow the industries to be efficient in their water consumption, as well as increased
fertilizer production in the secondary treatment facilities.

Treatment of phosphate mining wastewater is still focused on possible removal of
heavy metals. Unfortunately, limited studies have been done in improving the water
quality by removing the radioactive metal nuclides. The current trend of phosphate
depletion worldwide can lead our agricultural sectors to suffer in the future. Hence,
reclamation from wastewaters can be a potential source of additional phosphates. A
combined chemical and biological treatment method can be used to treat both the
heavy metals and the phosphorus, but, at present, most of these methods are not
focused on the reuse of phosphate or its byproduct in agricultural or in other sectors.
This reuse gives us an opportunity to reduce the usage of fresh groundwater while
reducing the problem of sludge management through reduced sludge production
hence, less demand on landfills.

The reuse of phosphate mining wastewater has several benefits, which are related
to sustainable production and consumption. These benefits are:

1. Reduction of direct pressure on natural phosphate which is already at peak.

2. Reduction in quantity of water used by phosphate mining industries.

3. Reduction of the volume of sludge produced and increased diversion to agricul-
tural land.

4. Development of sustainable consumption of mined phosphate which would
reduce the dependence of agricultural production on a single source of fertil-
izer.

Reuse of wastewater is still considered to be an expensive method by many indus-
tries in the world. Simultaneous reuse of phosphate mining wastewater as a fertilizer
and its usage in the mine itself, as process water, can be a desirable model for cost-
efficient water balance technology where water is recycled and reused while reducing
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the environmental impact. However, more research and development of techniques
to achieve the reuse of mining wastewater are needed.
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Toward Sustainable Agriculture: )
Net-Houses Instead of Greenhouses oo
for Saving Energy and Water in Arid

Regions

Ahmed M. Abdel-Ghany and Ibrahim M. Al-Helal

The limitation of protected cultivations in arid regions is mainly due to the overheat-
ing of the air inside the conventional agricultural structures (greenhouses) during hot
and long summer seasons. In summer, the ambient air temperature exceeds 45 °C
and the transmitted solar energy into the greenhouse is much higher than the plant
requirements. Therefore, the greenhouse accumulates around 10 MJ m~2 of heat
energy per day. This requires an expensive, energy-consuming cooling system to
remove such amount of heat and to achieve favorable conditions for plant growth.
Greenhouse cooling methods that are commonly used worldwide are ventilation,
heat prevention (shading) and evaporative cooling. Cooling greenhouses are facing
several challenges in arid regions due to the excessive solar irradiance, extremely
high ambient air temperature, as well as water scarcity and salinity. These challenges
and possible solutions will be discussed in this chapter. In addition, a new concept
(net-house) as a naturally ventilated alternative agricultural structure, covered with a
low-cost, translucent material (i.e., plastic net) will be introduced. Plastic nets cover-
ing the net-house should prevent heat from accumulating inside the structure. Such
covering materials are a suitable alternative instead of the conventional covering
materials (i.e., glass and plastic films) that are unfavorable under arid climatic con-
ditions. The proposed net-house does not require cooling and ventilation equipment,
while it provides a uniform distribution of the internal solar radiation and a suitable
environment for plant growth. Providing such an alternative agricultural structure
should contribute to increasing the area of protected cultivation in arid regions and
enhancing the quality and productivity of crops. Production costs will be signif-
icantly decreased because cooling and ventilation systems were eliminated, (zero
consumption of electric energy and cooling water).
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1 Protected Cultivation Challenges in Arid Regions

In summer of arid regions such as in the Arabian Peninsula, the western and eastern
desert of Egypt, and the south parts of Libya and Algeria, etc., protected cultivation
has become essential for protecting crops from the harsh environment and enhancing
and managing crop production throughout the year. The main technical problem of
using greenhouses is to maintain the inside air temperatures and relative humidity
which are favorable for plant growth in summer. Greenhouses work well in regions
with a cold or mild climate; however, in hot and sunny regions overheating of the
inside greenhouse air is an essential obstacle that makes it very difficult to grow plants
in a greenhouse in summer without efficient cooling systems [ 1-3]. Therefore, several
efforts have been made worldwide to adopt greenhouses to hot and sunny climate
conditions [4, 5]. Climate in arid regions is characterized by: hot and long summer
seasons (the ambient temperature exceeds 45 °C at around noon); intensive solar
radiation flux (the daily integral of solar radiation reaches to 30 MJ m~?2); dusty and
dry weather (relative humidity levels of the ambient air drop below 10% most of the
daytime); and water resources are limited and brackish (salty). Such harsh weather
conditions degrade the optical and mechanical properties of greenhouses covering
materials such as plastic films. Moreover, such conditions drastically reduce the
performance of the cooling systems in the greenhouses. Methods commercially used
for cooling the inside greenhouse air in hot summer can be divided into three main
categories: ventilation, evaporative cooling, and heat prevention (i.e., shading).

1.1 Ventilation

Ventilation either natural or mechanical is replacing the hot air in the greenhouse
with the relatively cooler outside air. In areas where summer is not severe and the
maximum ambient temperature remains less than 33 °C, ventilation alone is sufficient
for cooling greenhouse air [4]. The effectiveness of natural ventilation depends on the
temperature difference between inside and outside the greenhouse (bouncy effect)
and on the wind speed outside the greenhouse (wind effect). At low wind speed,
exhaust fans are needed to induce air circulation through the greenhouse vents (forced
ventilation). Exhaustive discussions of natural and forced ventilation for greenhouses
worldwide are available in [6—11]. In the arid environment, ventilation methods alone
are not efficient because they replace the overheated greenhouse air with a very hot
ambient air. Thus, ventilation methods cannot provide adequate cooling capacity and
suitable environment for plant growth in greenhouses unless combined with another
source of cooling (e.g., evaporative coolers and/or shading nets).
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1.2 Evaporative Cooling

Evaporative cooling is a constant enthalpy process; it lowers the greenhouse air tem-
perature significantly below the ambient air temperature and enhances the relative
humidity in the greenhouses. Commercial evaporative cooling systems commonly
used for cooling greenhouses are the wet pad-fan system [12, 13] and fogging systems
[14, 15]. These cooling systems can reduce greenhouse air temperature by 8—12 °C
and increase the relative humidity by about 20-30% on average [12—15]. These sys-
tems operate properly in hot and dry climate if a pure and freshwater resource is
available for wetting the pad or to be sprayed into fine droplets through the nozzles
of a fogging system. The lack of freshwater resources in the deserts and the high
salinity of the underground water cause a fast deterioration of the evaporative cool-
ing performance of these systems. For example, salt buildup on the pad surfaces (of
the wet pad-fan systems) blocks the airflow. Also, brackish water cannot be used
for operating a fogging system because it blocks the fogging nozzle orifices; thus,
costly water treatment is necessary or a periodical installation of new pads and/or
fogging nozzles is required. This would increase the operational costs of the green-
house. Accordingly, deflecting the radiation heat load on the greenhouse cover (heat
prevention) may provide a solution for cooling the greenhouses.

1.3 Heat Prevention

Through heat prevention methods, the radiation heat load can be reduced before
entering the greenhouse by either absorbing and/or reflecting a portion of the incident
solar radiation on the greenhouse cover. This is accomplished by using commercial
shading technique (curtains, clothes or plastic nets) or using a radiation-filtering
roof (blocking the near infrared radiation, NIR, via reflection or absorption and
transmitting the photosynthetically active radiation, PAR). Presently, NIR-reflecting
plastic film covers have been developed. These films are able to reduce greenhouse air
temperature by about 5 °C; however, their lifetime is very short (a few months) [16].
This reduction is not enough in regions where the ambient temperature may exceed
45 °C in summer. There is a need to develop and improve these film covers. Shading
the roof of a greenhouse is usually performed by various conventional methods
such as (i) whitening the roof with an aqueous solution of hydrated calcium oxide
[Ca(OH),], and (ii) deploying plastic nets of various colors, or movable refractive
screens or curtains. The whitening is washed away if rains fall over the greenhouse
and its shading density cannot be changed once applied. An external or internal
shade can also be obtained by using movable plastic nets, curtains, or refractive
screens applied above or below the roof of the greenhouse. All shading methods
are used to control the amount of solar energy entering the greenhouse and reduce
the heating load in summer. Besides protecting plants against excessive heat load,
shading significantly reduces the water requirement in arid regions [17, 18]. The
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disadvantage of shading, when they are used below the roof of the greenhouse, is
that when the net is fully deployed, it will decrease the effectiveness of the natural
roof ventilation and negatively affect the greenhouse microclimate. Moreover, the
presence of shading materials in the greenhouse absorbs a portion of solar radiation
and reemits it again in the greenhouse, and reflects back a portion also inside the
greenhouse. Therefore, the effect of internal shading on reducing the greenhouse air
temperature is expected to be low. Even though shading is applied to a greenhouse,
an efficient cooling system along with forced ventilation that consumes additional
power is required to reduce the inside greenhouse air temperature in summer of arid
regions.

2 Plastic Nets Can Replace Plastic Films for Sustainable
Agriculture

During the last decade, low-cost plastic nets have begun to replace plastic films
in agricultural structures designed to protect crops. In particular, plastic nets have
been widely used in recent years for covering agricultural structures (net-houses) to
protect crops in arid climatic regions. Different varieties of plastic nets, made from
high-density polyethylene (HDPE), are widely used for shading animal houses, car
parking, and protecting crops and nurseries from, hail, strong wind, snow, strong
rainfall, insects, animals, and birds. The most important application of the plastic
nets in hot and sunny regions is to shade plants from high solar radiation levels in
order to improve the microclimate in the net-houses.

2.1 Advantages of the Plastic Net Covering

The wide use of plastic nets instead of plastic films as covering materials is attributed
to the fact that plastic nets offer many advantages and environmental benefits when
they are used as net-houses [19, 20]. The main advantages of using plastic nets
covering for crops protection are:

(i) Reducing the solar radiation heating load, and the increase of the inside net-
house air temperature is much lower than the uncooled greenhouse that works
as a solar thermal collector.

(i) Eliminating the use of electric-powered evaporative cooling and ventilation
systems which means zero consumption of electric energy as well as cooling
water.

(iii)) Reducing crop transpiration as well as water consumption for irrigation in
arid regions.
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(iv) Preventing insect pests from entering the net-house, which should improve
environmental and human-health conditions by reducing the need for pesti-
cides.

(v)  Scattering of solar radiation diffusively allowing plants to receive light from
all sides. A recent study found that the diffuse radiation transmitted through
nets was enhanced by 17-170% depending upon the color and structure of
the net textures [21].

(vi) Reducing air velocities in a net-covered structure eliminates wind damage to
leaves and fruits.

(vii) Perforated plastic nets act as a thermal barrier between the plants and the
outside cooled environment at night; this eliminates heating systems used for
greenhouses. The net porosity and its color can regulate the transmitted solar
radiation intensity into the net-house as well as the spectrum quality of light.
Thus, in sunny regions, the light under nets can be adjusted to fulfill the crop
growth requirements in summer and in winter, and farmers can protect plants
from frost in winter and sunspots in summer.

(viii) Colored nets can filter out (by reflection) different colors in the visible light
(PAR: 400-700 nm) spectrum, and they can produce changes in flowering
and branching patterns; therefore, plant morphology can be controlled under
colored nets according to specific requirements [22, 23].

In particular, cultivation of crops under plastic shading net-covered structure (net-
house) may contribute to enhancing productivity, quality, and homogeneity of plants
and fruits throughout most of the year in hot and sunny regions. This is mainly due
to its low-cost structure and the advantages of saving energy and water to operate
greenhouses that can be achieved.

2.2 Physical Properties of Shading Nets

Commercial plastic shading nets are characterized by (i) the net porosity (¢), defined
as the empty area divided by the total surface area of the net, and (ii) the shading
factor (SF), defined as the percentage of global solar radiation that the net is able to
block. Net manufacturers usually designate a net by the net color followed by the
nominal shading percentage (%). For example, white-50 means the net is white and
it blocks 50% of the incident solar radiation. The net material (colored HDPE) is
usually opaque to transmit radiation. Net textures consist of either interlaced threads
or interlaced strips. Scanned photographs for eight commercial nets having different
colors and texture structures are illustrated in Fig. 1.

Manufacturers usually estimate the SF by measuring the net transmittance at an
incident angle of 45° using artificial lighting. However, the resulting value of SF
does not represent the actual daily shading power of the net. Net solidity (1 — ¢)
is a constant that describes the texture structure and differs from the shading factor
(SF) of the net. In fact, the SF changes with the daytime, the incidence angle of
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Fig. 1 Scanned photographs for different types of commercial nets used for shading purposes

solar beam radiation, the net orientation, and its location. The time-dependence of
SFis equal to (1 — 1), and 7, is the transmittance of the net to global solar radiation
(i.e., instantaneous value). The daily integral of shading factor that a net can produce
(integrated shading factor, ISF) is defined by the following equation:

15}

%)
ISF = 1.0—/S,dt//S,-dt, (1)
I3l

0

where t] and t, are the sunrise and sunset times, respectively; S; and S, are the incident
and transmitted global solar radiation. The radiative properties (i.e., transmittance, T,
reflectance, pg, and absorptance, o) of a net to global solar radiation (as instanta-
neous values) can also be integrated as the second term on the right side in Eq. (1)
to obtain daily integral values for these properties. Table 1 shows the physical prop-
erties of nets in Fig. 1; based on the data in Table 1, the nominal SF (measured by
manufacturers) differs from the daily integral of SF (ISF) which is appropriate to
describe the shading power of a net. Moreover, nets with bright colors (white, orange,
and beige) have higher transmittance to global solar radiation than their porosities.
This attributed to the high forward scattering of the net to solar radiation as affected
by its bright color.
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Table 1 Nominal and integrated shading factor (SF, ISF), net porosity, and the daily integral of the
radiative properties for different types of the net

Net type Nominal SF Net porosity | Estimated The daily integral of global
(%) ¢ (%) ISF (%) Transmittance | Reflectance
White-50 50 28 38 0.62 0.37
Green-50 50 51 48 0.52 0.17
Black-50 50 50 54 0.46 0.08
Blue-80 80 21 70 0.3 0.19
Beige-80 80 12 58 0.42 0.39
Orange-80 80 23 70 0.3 0.28
Dark 80 20 75 0.25 0.12
green-80

3 The Conventional Net-Houses

Three styles of net-houses are commonly used: gable style, curved-arch style, and
parallelogram style. These are the conventional structures, usually covered with one
type of net (having a certain color, shading factor, and porosity). In the conven-
tional net-houses (covered with one type of net), the transmittance patterns of these
structures to solar radiation are nearly constant during the day similar to that in the
greenhouses. In clear sunny days, the transmittance patterns to global solar radiation
for three net-house models representing the commonly used net-house structures
(i.e., the gable, parallelogram, and curved-arch styles) are measured and illustrated
in Fig. 2a—c comparing with a gable-type greenhouse transmittance (Fig. 2d).

The three net-house models were simultaneously covered with three types of the
net (white-50, green-50, and black-50) as shown in Table 1. On the other hand, in
sunny regions with intensive solar irradiance, nets with low porosities (high shading
factors) are usually used to cover the net-houses to strongly reduce the transmitted
solar radiation at around noon. Consequently, the transmitted radiation inside these
houses is very low in the early morning and late afternoon which may not fulfill
crop growth requirements. In addition, net with low porosity would significantly
reduce the ventilation rate of the net-house, which negatively affects crop growth
and crop production. Nets in Table 1 can be classified into three categories based
on their transmittance to the PAR if they were used to cover conventional net-house
structures and the types of crops that can grow successfully in the net-houses. Table 2
summarizes this classification based on the optimum PAR required for each crop to
grow (PAR).
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Fig. 2 Transmittance of conventional net-houses and a greenhouse to global solar radiation: a The
gable style, b parallelogram style, ¢ curved-arch style, and d gable-type greenhouse; each type of
net used to cover the three net-house models for one day, after [24]

4 New Concept

To overcome the above-mentioned problem (low transmitted radiation into the net-
houses in the early morning and late afternoon and the reduction of air flow to the
net-house), two new designs for net-house structures have been recently proposed
and tested [24]. One is polygon style, as in Fig. 3a, and the other is curved-arch style
as in Fig. 3b. The new designs are able to enhance the transmission of solar radiation
in the early morning and in the late afternoon and strongly reduce the transmission
of solar radiation at around noon. In the proposed structure, nets with high porosities
are used vertically to cover the sides of the structure (N1) to enhance the radiation
and ventilation rate in the crop level. Nets with medium porosity are used to cover
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Table 2 Crops and plants
that can be grown in
net-houses covered with the Dark green-80, Blue-80 and Orange-80

PARopt (W m~2) Crops and plants

three categories of nets in <30 Indoor and ornamental plants
relation to the PAR values -
. . 15-36 Lettuce, spinach
required for optimum growth
(PARy), after [22] 36-60 Cucumber
50-75 Different types of transplants
Green-50 and Beige-80
30-60 Sweet peppers, eggplants
76 Strawberry
60-90 Tomato
>60 Carnations
Black-50 and White-50
100-135 Rice, wheat
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Fig. 3 Diagram for the proposed net-house structures, a is for the polygon-style, and b is for the
curved-arc style; the curved part in (b) is divided into three equal parts, each having a length of C,
after [24]

the tilted surfaces of the structure (N2). Nets with low porosities are used to cover
the upper horizontal or curved surfaces of the structure (N3) to serve at around noon.

The three types of nets, with high (N1), medium (N2), and low (N3) porosities
are selected based on the following desired characteristics:
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(i) High diffusive ability to enhance the transmitted diffuse radiation by convert-
ing a portion of direct solar beam radiation into diffuse radiation during trans-
mission. This is important to have a uniform radiation distribution over plant
canopy and let crops in the net-house receive solar radiation from all sides.
Nets with light colors (e.g., white, yellow, beige, etc.) have higher diffusive
abilities than nets with dark colors (e.g., black, blue, dark green, etc.) [22].

(i) Cutting out solar radiation by optimizing the shading factor. Nets with high
shading factor (low porosity) are used for covering the horizontal surfaces (N3
in Fig. 3a, b); nets with medium shading factor are used for covering the tilted
surfaces (N2 in Fig. 3a, b); and nets with low shading factors (high porosity)
are used for covering the vertical surfaces (N1 in Fig. 3a, b).

(iii) High reflectance to NIR radiation (700-2500 nm) to improve the environment
in the net-house in hot climates, and high transmittance to PAR (400-700 nm)
to significantly enhance crop growth. For more clarification, the spectral trans-
mittance of 10 net samples to the PAR is illustrated in Fig. 4a, and the spectral
reflectance of the 10 net samples to the NIR is illustrated in Fig. 4b.

The main objective of the new design concept is to modify the transmittance
pattern of solar radiation inside the net-house. Two models (1 m x 2 m floor area of
each) of the proposed structures in Fig. 3a, b were covered with three types of net, and
the transmittance pattern of each net-house structure to solar radiation was measured
and illustrated in Fig. 5. The two designs significantly enhance the transmittance in
the early morning and late afternoon (Fig. 5). This improvement may be attributed
to: (i) in the early morning and late afternoon (when sun elevation is low), solar
radiation passes through the high-porosity net (N1) having high transmittance value,
(i1) the internal reflection of solar radiation on the inner surfaces of N1 and N2,
which enhances the net solar radiation over the net-house floor, and (iii) at around
noon (when sun elevation is high) solar radiation passes through the low porosity
net (N3) having low transmittance value, which significantly reduces the transmitted
radiation.

The design of the new structures is based on dividing the daytime (from sunrise
to sunset) into five equal periods: two before noon, one around noon, and two in the
afternoon. The nets were arranged to meet the transmittance requirements for the
different periods. Most of the solar irradiance that reaches the net-house floor passes
through nets with (i) high porosity during the first and last periods, (ii) medium
porosity during the second and fourth periods, and (iii) low porosity during the third
(noon) period. This arrangement resulted in the transmittance patterns shown in
Fig. 5. Onthe other hand, if the same net is used to cover all surfaces, the transmittance
pattern would be similar to those in Fig. 2(a-c).

A recent study [24] compared a polygon-style net-house, like the one shown in
Fig. 3a, (having a floor of 4-m x 8-m, and covered with three types of nets) with an
evaporatively cooled greenhouse having a floor area of 32-m?; both were oriented in
the N-S direction and operate simultaneously under the same climatic conditions.
The comparison includes the microclimatic parameters (i.e., air temperatures, relative
humidity, global solar radiation, and PAR), electric energy, and water consumption
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Fig. 4 Spectral
transmittance to the PAR

(a) and spectral reflectance to
the NIR (b) measured for 10
types of plastic shading net
are commonly used in arid
regions for crop protection
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Fig. 5 Transmittance
patterns of the polygon and
curved-arch structures (in
Fig. 3a, b), covered with
three types of plastic net and
measured in March 2014,
Riyadh, Saudi Arabia, after
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in both structures. The net-house is able to provide a suitable environment for crop
growth in mild conditions (winter, spring, and autumn). Diurnal variation of the air
temperatures inside the net-house and the evaporatively cooled greenhouse are very
similar (Fig. 6), which means that the inside air temperature is reduced as much
as it is in the cooled greenhouse. Thus, the expenses of cooling and ventilation of

Fig. 6 Diurnal variation of
the air temperature measured
inside and outside the
net-house and the
greenhouse, after [24]
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the greenhouse can be eliminated in the net-house. However, in the summer of arid
regions, the outside ambient temperature often exceeds 45 °C and solar irradiance
of about 1000-1200 W m~2 at around noon. Therefore, the air temperature in the
net-house is usually higher than that in the cooled greenhouse. This can be controlled
based on the porosity, shading factor, and color of nets covering the polygon structure.
Nets with low porosity may be able to provide an appropriate microclimate for crop
growth under extensive solar irradiance in hot summer.

In summer, the relative humidity in the greenhouse is usually higher than that in
the net-house because of the use of evaporative cooling to cool the greenhouse air.
On the other hand, the relative humidity levels are sometimes higher in the net-house
than outside, probably because of the higher rate of evapotranspiration from crops
and soil in the net-house. In summer seasons of arid regions, the relative humidity
of the ambient air is usually below 15% at around noon. The evapotranspiration of
mature crops in the net-house is expected to be higher than in the cooled greenhouse;
this may enhance the relative humidity to the desired levels for crop growth in the
net-house. Although the transmittance of the developed net-house is low at around
noon (Fig. 5), the integral global radiation and PAR transmitted into the net-house
were estimated to be 8.1 MJ m~2 day~' and 3.0 MJ m~? day~"', respectively, and
those in the greenhouse were 9.0 MJ m~2 day~! and 3.5 MJ m~2 day~!, respectively
(Fig. 7). This means that the daily integral of the PAR transmitted into the net-house
was almost similar to that in the greenhouse. In addition, these amounts of PAR
in the net-house can fulfill any crop growth requirements during the day in regions
characterized by intensive solar irradiance (Fig. 7). Accordingly, the newly developed
naturally ventilated, uncooled, net-house may provide inside environment similar
to that of the mechanically ventilated, evaporatively cooled greenhouse. However,
based on several previous experiments to estimate water consumption in the net -
house in comparison with a fan-pad cooled greenhouse, the net-house reduced water
consumption by 13 kg m~2 day~! in summer and by 0.94 kg m~2 day~! in winter
and reduced electric energy consumption by 0.26 kW-h m~2 day~! in summer and
by 0.18 kW-h m~2 day~! in winter as shown in Table 3.

Fig. 7 Daily integral of the 18 4
global solar radiation and
PAR were estimated outside
and inside the net-house and 14 4
greenhouse based on several
days of measurements
conducted in Riyadh, Saudi
Arabia, after [24]

N Globalradiation [N PAR

==}

Solar energy (MJm? day")

T T
(Outside irradiance) (in the greenhouse)  (In the net house)
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Table 3 Water and electric energy consumption in the newly developed net-house and in the
evaporatively cooled greenhouse during the 24-h period, per unit area of the floor, after [24]

Plant Evapotranspiration Evaporative Electric energy
(kgm~2 day~") | cooling (kgm~2 | for ventilation
day™1) (kw-h m~2

day™")

In summer

The net-house (Cucumber) 6.7 0.0 0.0 (natural
ventilation)

The greenhouse | (Cucumber) 3.16 13.26 0.26

In winter

The net-house (Chrysanthemum)| 0.49 0.0 0.0

The greenhouse | (Chrysanthemum)| 0.23 1.2 0.18

5 Financial Impact

In some countries, the costs of electricity and water are subsidized by the government.
For example, the costs of electricity and water in Saudi Arabia are as follows: SAR
0.2/kWh and SAR 7.5/m?, respectively, where SAR is the currency abbreviation
for the Saudi riyal and $1 = SAR3.75. Based on 2017 market prices, the costs to
construct a PE-covered greenhouse and a similar net-house were 715-SAR and 357-
SAR per m?, respectively. Based on these criteria, the total (fixed and running) costs
can be reduced from 26.25 million SAR ($7 million) to 3.6 million SAR ($0.96
million) for continuously planting one hectare of crops under net-houses instead of
greenhouses for one year. In terms of water and electricity consumption, growing one
hectare of crops continuously for one year under net-houses, instead of greenhouses,
would save at least $-100,000 per year in water and electricity costs. If similar cost
estimation was analyzed in countries where electricity and water are more expensive,
the results may lead to much more valuable economic profits.

6 Conclusion

New concept has been developed, and two agriculture structures (net-houses) have
been designed and evaluated to be used in hot and sunny regions. The new structures
are polygon and curved-arch; each consists of seven surfaces covered with three types
of plastic nets. The new designs significantly enhanced the transmission of solar
radiation in the morning and afternoon and depressed it at around noon. The resulted
pattern of radiation transmission is more suitable for regions having intensive solar
irradiance than that observed in the conventional net-houses. The PAR transmitted
into the newly developed net-houses can fulfill the crop growth requirements as in
the greenhouses. In addition, they provided a microclimate similar to that in the
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evaporatively cooled greenhouses, without the use of cooling or ventilation systems.
The modified net-houses can effectively replace the greenhouses in hot and sunny
regions as they reduce energy and water consumption.
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Abstract There is not a single solution for sustainable food for the future. Multiple
sources, with differing views on the effect of diets on our health, the global pop-
ulation, society, and the future of the environment, are able to compromise on an
‘imperfect’ solution. Unsurprisingly, the better, more environmental-friendly, less
energy- and water-intensive foods are generally plant-based. Because strict plant-
based diets cut out all animal products, the happy medium is the Mediterranean diet.
The Mediterranean diet is mainly plant-based, with some fish, eggs, and even less
meat and dairy recommended. This bodes well for different cultures, health, and
people universally and projects well for the planet’s future. The authors hope that
this chapter will provide factual insight from multiple sources for readers to make
informed decisions of what to consume on a daily basis.

1 Introduction

Inrecent years, the fear of our planet’s future has caused much ruckus. Many modern-
day systems and products are unsustainable. Much time and effort are being placed
into finding sustainable alternatives. One area of focus is on humans’ diets and how
to reduce the environmental and health impacts associated with the food that we
eat. However, this challenge can seem daunting to many people. Bonneau [1], a
zero-waste chef, once noted, “We don’t need a handful of people doing zero waste
perfectly. We need millions of people doing it imperfectly.” This is a good model
for how we should be eating. Eat plant-based not restrictively but to the best of your
ability.

Something that many are doing multiple times a day that affects our planet and
our future is eating. Many fads and diets recycle themselves in the media in the west
while in the east, there is the struggle of inadequate nutrition. Koerber et al. [2] coin
this issue as the ‘double burden of disease’. There is a problem of quantity of food
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reaching everyone worldwide and a problem of quality of food everyone deserves
[2]. This is becoming a global issue as well as an environmental issue.

It is predicted by Godfray et al. [3] that the world population will plateau in
2050 at approximately nine billion people and that sixty-six percent of the world’s
population will be living in cities [2]. While the number of people who are hungry
has decreased, the problem of micronutrient malnourishment remains an issue [3].
With the steady increase of urbanization, animal products are being favoured. It is
also observed that there is an adoption of the Western diet in countries such as China,
Mexico, and Brazil [2]. The Western diet is rich in meat and cheese as opposed to
the Eastern diet, which staples include rice and soup [3]. Animal products not only
contribute to unnecessary greenhouse gases but also contribute to increasing rates of
obesity and some diseases [2]. The mass production of agriculture has faults as well
[3]. Kesavan and Swaminathan [4] concluded that the latest bacteria- and herbicide-
tolerant crops not only present genotoxic effects, they are also unsustainable. The
solution is not fixing all of our crops to perfection, but having enough good, fresh
produce for everyone.

Castane and Anton [5] indicate that our diets and food sources are responsible for
about one-third of our impact on climate change and land use. An increase in overall
food consumption and, more directly, an increase in meat consumption affect the
environment and the world’s health [5]. The Mediterranean diet and Vegan diet are
highlighted as having a low environmental impact, as they both are plant-based [5].
Approximately, one-third of the world’s cereal is fed to animals [3]. A reduction in
animal product consumption rather than a termination of animal product consumption
is promoted for a number of reasons [3]. For the portion of livestock that feeds on
grass, not grain, it would be worse for the environment if that grassland was converted
to arable land. Pigs and poultry consume human food waste. Livestock plows land,
and their manure is valuable. It is suggested that specific foods are not eliminated
from our diets, but rather that we shift our mindset on what is good food [3].

Plant-based foods require much less land in comparison to animal-based products
[2]. This occurs because the transformation of energy from plants to animal products
is extremely low [2]. The energy gained from animal-based products is extremely
low, especially compared to how much land it takes to produce animal-based products
[2]. Water statistics are shared; it takes 15,415 1 to produce 1 kg of beef, 5988 1/kg of
pork, 5060 I/kg of cheese, 3265 1/kg of eggs, 1827 1/kg of wheat, 822 I/kg of apples,
287 l/kg of potatoes, and 214 1/kg of tomatoes [2]. Plant-based foods offer cleaner
energy to our bodies and our planet [2].

Governments should be creating policies and putting tax dollars toward the food
their citizens consume. It is extremely difficult to tell people what to eat and what
not to eat. Eating is so much more than the food on our plates or something to
keep us going throughout the day. Food is a part of culture and tradition, bringing
families together, and creating experiences. People should be given the facts and
decide what to do with them. The issue of sustainability of our food is looked at as
a large-scale, multi-faceted idea that needs to be tackled from many perspectives,
from the beginning (food production) to the end (selling food).
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2 The Link Between Nutrition and Health

In recent years, we have improved in our moral duty of making sure the entire
world is fed; however, a staggering number remains malnourished [3]. This does not
necessarily mean hungry. Malnourished may mean that some individuals simply do
not have enough food and some, despite having enough food, are without the proper
nutrients [3]. Focusing on the quantity as well as the quality of food, new, sustainable
technologies are being implemented.

The main macromolecules include fats, carbohydrates, and protein. Western soci-
ety has often put much focus on protein, not only that it is a vital component of our
diets, but also that it may be the most important macromolecule to live a healthy life.
However, Dallas et al. [6] discuss how too much protein is difficult for our digestive
system to process. Interestingly enough, the Western society that places much focus
on protein has the highest rate of weight-loss surgeries, which in turn leads to less
hydrogen chloride and decreases the amount of pepsin available to denature and
digest protein [6]. Too much protein makes it harder for our digestive systems to do
their jobs. The body’s preferred energy source is carbohydrates [6].

Lopez-Jaramillo et al. [7] claim that health comes from diversity in a diet. A
variety of foods should be consumed. The majority of one’s diet should be fibrous
carbohydrates (about fifty percent), fats (about twenty-five percent), and both plant
and animal proteins (about twenty percent) [7]. It was found that a fruit-, vegetable-,
and legume-rich diet reduced mortality [7].

Friedman [8] observes the trend in America; the obese population continues to
grow. An effort to stop the epidemic is seen with a trend of more high-protein, low-
carbohydrate diets being implemented. While the results do show that a high-protein
diet could be used for weight loss, there are many possible dangerous side effects to
this diet as well. The diet is often called the Atkins diet because it was popularized
by Dr. Atkins [8]. Individuals who are considering this diet are warned to be cautious
if one is susceptible to kidney disease. Although Dr. Atkins disagrees, there has been
correlation seen between high-protein diets and kidney damage, in turn possibly
leading to heart disease as well [8]. There has been no concrete evidence for high-
protein diets leading to weight loss. An American study that has shown participants
lost weight by following a high-protein diet is not conclusive, as there are too many
outside factors that were not controlled [8]. An Australian high-protein diet study
shows no difference between the standard diet and Atkins diet (Note: article does not
define what a ‘standard diet would be’) [8]. There is also no concrete evidence that a
high-protein diet causes kidney issues, but it can accelerate kidney complications in
individuals who have chronic kidney disease [8]. Antonio et al. [9] performed a study
with high-protein diets in unison with high-resistance training; the results show no
benefits or drawbacks [9]. The study used young males who regularly resistance train.
The control cohort continued training with their regular diets while the study cohort
increased the amount of protein consumption in their diets. The average amount
of protein consumed was 2.6 + 0.8 and 3.3 + 0.8 g/kg/day for the control and
study groups, respectively. The results anticipated negative health results, such as
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an imbalance of lipids and damage to the kidneys; however, the results showed no
increase in health issues and no change in body composition between the control and
study groups [9].

Pinheiro and Wilson [ 10] compare the three macromolecules; one gram of fat gives
nine kcal while one gram of protein and carbohydrate both give four kcal. There is no
concrete evidence showing a correlation between the amount of fat consumption and
weight lost or gained. However, all fats are not created equal [10]. The two fats that
have opposite effects on the body are saturated fatty acids and unsaturated fatty acids.
A reduced consumption of saturated fatty acids (mostly found in animal products)
can reduce the risks of chronic heart disease [10]. Replacing saturated fatty acids
with unsaturated fatty acids also has been shown to reduce the risk of chronic heart
disease [10]. Unsaturated fatty acids typically come from plant foods [10].

Dernini et al.’s [11] analysis shows both health and nutrition benefits from a
Mediterranean diet. Studies have shown areduced risk for illness, particularly cancers
of organs involved in the digestive system (i.e., stomach, colorectal, pancreatic,
liver, etc.), when individuals consume a Mediterranean diet [11]. In a study of men
and women of different ethnic backgrounds, Park et al. [12] found that there is
little variation in risk of colorectal cancer. The study found that implementing a
Mediterranean diet lowered the risk of colorectal cancer in people of many different
ethnicities. As well, a Mediterranean diet achieves most nutritional requirements, and
an overall healthier body weight is seen [12]. Perez-Jimenez et al. [13] state olive oil
is a key part of the Mediterranean diet and a major source of monounsaturated fatty
acids (MUFAs). When ingested, olive oil has been shown to improve the lipid profile
(i.e., patterns of lipids in blood) and to have anti-inflammatory effects on the body
[13]. Drewnowski [14] shows high-fat diets have been shown to increase obesity as
well as coronary heart disease.

A diet rich in grains, fruits, and vegetables has been suggested as the most health-
ful; however, it has been seen worldwide that people of all cultures and backgrounds
enjoy high-fat foods [14]. Fats greatly stimulate the human senses. The smell, taste,
and texture of fat are very appealing [14]. A taste for sugar and fat has been seen in
very young children [11, 14]. Studies have shown that, although everyone, overweight
and slim, tends to prefer sweet foods, the overweight population chooses sweet foods
that are high in fat [14]. The overweight population has also shown more tendencies
to binge eat, and these binges mainly consist of sweet, fatty foods [14]. Finkelstein
et al. [15] note that trends are seen within families and passed through generations;
overweight children tend to have overweight parents. Although studies have shown
obese men enjoy eating saturated fats, obese women enjoy eating unsaturated fats
[15]. For example, obese men tend to eat more red meats, and obese women tend to
eat more dairy [15]. Richer countries and people are able to afford a high-fat diet,
decreasing the amount of complex carbohydrates and fiber consumed. A trend of
developing countries eating a higher-fat diet, i.e., a larger amount of meat, dairy, and
eggs, is seen in correlation with increasing obesity trends worldwide [15]. Much evi-
dence supports that inappropriate nutrition is directly linked to disease development
[15]. Therefore, it is crucial to have an understanding of what foods are needed to
sustain a healthy nutritional state of the population.
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Table 1 Cardiac issues and garlic consumption, based on the results of [16]

Cardiac issue Effect of garlic

Hypertension Reduced blood pressure

Hypercholesterolemia Varied results. Inferred that cholesterol can be
lowered by garlic consumption, with the use
of statins

Coronary artery calcium and epicardial Increased brown-to-white epicardial adipose

adipose tissue tissue ratio, which is an indicator for a lower
risk of ischemic heart disease

Biomarkers of inflammation Decreased inflammation

Varshney and Budoff [16] state heart disease is one of the leading causes of death
in developed countries. Houston [17] adds in America, cardiovascular disease is the
number one killer. A healthy lifestyle is shown to dramatically decrease the risks of
cardiovascular diseases. Varshney and Budoff [16] studied different types of cardiac
issues in conjunction with the consumption of garlic. A summary of the findings
is shown in Table 1. This study suggests the cardiovascular benefits of garlic, a
component of the Mediterranean diet.

The Mediterranean diet, a diet rich in omega-3 fatty acids (fats from fish, nuts,
and especially olive oil), decreased cardiovascular mortality. Monounsaturated fatty
acids (MUFAs) and polyunsaturated fatty acids (PUFAs) decreased the risk of coro-
nary heart disease, while saturated fatty acids and trans-fatty acids were correlated
with an increased risk of coronary heart disease [16]. Coconut oil consumption had
little effect on heart disease risk [16]. Dairy has been shown to decrease coronary
heart disease [16]. Sugar and refined carbohydrates increased risk of coronary heart
disease. Fermented foods, fruits, and vegetables decreased risk of coronary heart dis-
ease [16]. Coronary artery calcification, coronary heart disease, and cardiovascular
disease are all dramatically decreased on a vegetarian diet [16, 17].

Morris [18] finds saturated fats have been shown to lead to dementia, while the
Mediterranean diet has been shown to protect the brain from degenerative neuro-
logical diseases. The key ingredients for good neurological health are as follows:
focus on plant-based foods and reduce animal/high-saturated fat foods [18]. It has
been found that green leafy vegetables and berries have the greatest effects against
cognitive decline [18].

Stevens et al. [19] find that there is not much information on the effects of diet on
the human epigenome. It is thought that there must be an effect of diet on the human
epigenome, as human disease can come for either genetics or the environment [19].
A lack of proper macro- and micro-nutrients correlates to negative behavior. Through
studying paternal and maternal diets, it was shown that a poor diet is correlated to
health problems in the offspring [19]. These health problems may occur by a means
of interrupting healthy methylation of DNA. DNA methylation is directly related to
neurodevelopment. Thus, mutations in DNA methylation, possibly caused by diet,
can cause neurological disorders such as autism as well as behavioral disorders such
as depression [19].
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3 Models for a Healthful and Sustainable Diet

Seed [20] uses the Mediterranean diet as a standard for a healthy and sustainable diet.
Qatar has tried to enforce a dietary guideline, and Seed has outlined it and reviewed
the results. The title of the diet is ‘Eat Healthy while Protecting the Environment.’
An emphasis is placed on plant-based foods, as they are more sustainable and lower
greenhouse gas emissions and water use [20]. Plant-based foods are also good for you,
reducing the risk of non-communicable disease and chronic disease [20]. Reducing
food waste is also part of the plan, as more than thirty percent of food is wasted in
high-income and middle-income countries [20].

Koerber et al. [2] use the term ‘Wholesome Nutrition’ to describe a diet that is
sustainable and nutritious. The majority of the diet is plant-based, focusing on fruits
and vegetables, whole grains, legumes, and dairy. It is noted that meat, fish, and eggs
are to be consumed only if wanted [2]. The four components that create “Wholesome
Nutrition” are health, environment, economics, and society. Health was newly added
in the 1980s, as it is important globally [2]. Sustainable nutrition looks at all parts of
food from start to finish: input production, agricultural production, food processing,
distribution, preparation of meals, and disposal. Problems range from energy prices
to livestock breeding [2].

Nutrition is one of the top three contributors to greenhouse gas emissions [2]. In
Germany, 85% of agricultural emissions are from animal products while the remain-
ing 15% is from plant-based food. Interestingly enough, animal products contribute
to one-third of humans’ energy when consumed while the other two-thirds of energy
are supplied by plant-based foods [2]. Koerber et al. [2] note that leaning toward
a plant-based diet will effectively decrease greenhouse gases. Dernini et al. [11]
echo the effect of a low-impact, plant-based diet. The Mediterranean diet is mostly
plant-based; less water is used, and less greenhouse gases are emitted [11]. The
Mediterranean diet encourages diversity in agriculture as well [3].

Plant foods will decrease the cost for food production, in turn helping poorer
countries [2]. A predominantly plant-based diet increases consumption of complex
carbohydrates and decreases consumption of fat and cholesterol [2]. Fiber can be
obtained only from plants and is essential for a healthy diet. As well, it increases
satiety. Thus, in malnourished populations, increasing fiber and complex carbohy-
drates can have health benefits while also satisfying appetites [2]. The Mediterranean
diet, high in fiber and low in saturated fats, is also recommended for populations fac-
ing obesity struggles [11].

Itis important to note that while it is not the most sustainable or the most healthful,
the Mediterranean diet is recommended due to its diversity [5]. Food is more than just
its production and nutrition facts. Dernini et al. [11] found that the Mediterranean diet
makes a happy compromise, as it is culturally appropriate globally, can be modified
from region to region, and its base is mostly plants. The plant-based foods give
it sustainability, and the animal-based foods (dairy, fish, eggs, and white meat—in
small servings [4]) add culture. Mediterranean cultures emphasize food as important
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in day-to-day living [11]. It is a means of communication and socializing. This is
also seen in different traditions and religions [11].

It is important to keep in mind that no matter what type of food is produced;
globally, more than thirty percent of food is wasted [3]. In poorer areas, food waste
is due to a lack of healthy storage for food, such as refrigeration; thus, food is spoiled.
In richer areas, ‘use by’ dates on food products encourage consumers to throw away
good food [3].

Clean water should never be taken for granted, especially as we march into the
future. Ultimately, all foods link back to the water that nurtured them. It is not
surprising that Mabhaudhi et al. [21] note in places where water is scarce, nutrition
and health challenges increase. Collaborative efforts targeted at tackling water, food,
nutrition, and health challenges should go hand-in-hand.

Food produced organically decreases the amount of greenhouse gases being pro-
duced [2]. Organic farming has been shown to build more humus that is able to absorb
CO; from the atmosphere [2]. Koerber also advocates for regional and seasonal
farming. Regional farming is to cut down on the amount of transportation needed
for transporting food. Seasonal farming is to reduce greenhouse gases, because out-
of-season production of produce requires extra heating and plastic. Out of season,
produce requires more packaging to maintain its freshness [2]. Processed foods need
more energy than unprocessed foods. As well, the process of processing foods uses
more water [2].

In the agriculture industry, technology is being used to grow and maintain crops
[4]. Our use of pesticides, fungicides, and herbicides is doing more damage than
good. Combining Mendelian genetics with biotechnology can breed hybrid crops [4].
This can be a method of bettering agriculture as it increases biodiversity. Kesavan and
Swaminathan [4] show that more research needs to be done, as there are disadvantages
to biotechnology as well. Thus, this is not a final solution to sustainable food. Jones
[22] notes that the stability of ecosystems, that is making ecosystems sustainable
long term, comes from biodiversity. To preserve our agricultural resources, there
must be a variety of crops. Diversity aids in adaptation to environmental changes in
the future [22].

4 Education

One program, which is trying to tackle the issue of proper nutrition, is eNutrition.
The goal of eNutrition, as stated by Geissler et al. [23], is to educate the public about
their health, from a nutrition standpoint, using online sources. They echo the fact
that many chronic diseases are related to nutrition. They have plans to make their
program international, but for now, they are educating Africa. eNutrition highlights
that this goal of education is only made possible through a group effort. The eNutrition
Academy’s goal is to have nutrition training in Africa, to improve the health and well-
being of the public.
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Effectively educating the next generation is essential for worldwide solutions.
Newson et al. [24] state that part of the education deals with changing the popu-
lation’s behavior, for better health and nutrition, especially among underprivileged
groups. Pelletier et al. [25] defined a group of barriers at the population level. They
linked this group to urgent health, social, and environmental problems, and there is
an urgent need for effective and sustainable solutions at the population level [25].
Mabhaudhi et al. [21] claim not much is being done with the research available,
due to a lack of systematic research connecting not only nutrition to health but also
to water and agriculture. There is a lot of room for improvement. Policies must
also consider the quality of water used for agriculture to have success in benefiting
the malnourished, rural households [21]. Producers should have more sustainable
foods available [2]. Economic tax incentives and honest pricing can encourage con-
sumers’ wants. In addition, clear labeling (e.g., letting the consumers know which
food choices would be more sustainable compared to others), can help consumers
make better-informed decisions about the food that they purchase. Ultimately, ensur-
ing healthful, sustainable food for the world’s population is a multi-faceted problem
that will require multi-faceted solutions.

5 Conclusion

As the world’s population increases and urbanization continues, sustainable food
is going to be a challenge. This chapter has reviewed the environmental and health
impacts of various diets. The main conclusions are summarized in Table 2 as follows.

Supply and demand of animal products are increasing; however, animal product
consumption is closely linked to diseases and obesity. Plant-based food has the lowest
environmental impact and, in turn, the lowest production cost. The Mediterranean
diet proposes a happy medium, mainly plant-based with choice animal products to
respect different cultures.

Table 2 Diet type and key attributes

Diet Attributes
Plant-based Lowest environmental impact. Lowest production cost. Healthiest
Mediterranean Mid-environmental impact. Mainly plant-based. Fatty acids from fish found

to be neurologically beneficial

Animal products | Highest environmental impact. Correlated to cardiovascular diet. Culturally
favoured
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