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Abstract

Electricity and water form an intricate nexus, in that water is crucial for power generation, and electricity (or other
primary forms of energy) is the key enabler for water purification and waste-water treatment. Nonetheless, both energy
conversion and water purification result in substantial amounts of greenhouse gas (GHG) emissions. These negative
interactions with potential “snowball” effect, can be decoupled via the deployment of renewable power generation,
and carbon capture from fossil-fuelled technologies. However, such retrofits pose new challenges as wind and solar
energy exhibit intermittent generation patterns. In addition, integrating thermal power plants with carbon capture and
storage (CCS) imposes energy penalties and increases water requirements. In the present research, an optimization
framework is developed which enables systematic decision-making for the retrofit of existing power and water
infrastructure as well as investment in renewable and green technologies. A key aspect of the applied framework is
the simultaneous optimization of design and operational decisions in the presence of uncertainties in the water demand,
electricity demand, as well as wind and solar power availability. The proposed methodology is demonstrated for the
case of the water-electricity nexus in China, and provides in-depth insights into regional characteristics of low carbon
electricity generation, and their implications for water purification and wastewater treatment, demonstrating a roadmap

towards sustainable energy and electricity.
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1. Introduction

Electricity and water are of paramount importance, whereby without them, human beings would not be able to prosper.
Nonetheless, electricity and water consumption are intricately linked [1]. In a reignited debate during the 2013 UN
General Assembly in New York on “Sustainable Development and Climate Change: Practical Solutions in the Energy-
Water Nexus”, it was emphasised that more inclusive attention must be paid to the inter-linkages between the energy
and water sectors [2]. There are two standpoints for assessing the energy and water nexus. The first involves the use
of water in power generation while the second relates the energy demand for water treatment. Nonetheless, greenhouse
gas (GHG) emissions have significant socio-economic implications. For instance, Feng et al. [3] tracked the CO;
embedded in products in various Chinese provinces, and realized up to 80% of emissions related to goods consumed
in highly developed coastal areas are actually produced in carbon-intensive industries that are located in less developed
provinces. A similar argument holds for water-electricity nexus as the electricity produced in a region may be
consumed in much remote area, with very different economic development, and even water availability. Therefore,
quantification of environmental footprints associated water-electricity nexus can inform climate change policymakers.
Significant efforts have been devoted to understanding the water-energy nexus both at regional, national and
international scales. Wang et al. [4] studied water-electricity nexus in China, using a multi-regional input-output
analysis. Their network analysis included the four embodied elements of the water network, energy network, energy-
related water network, and water-related energy network. They applied ecological network analysis and identified the
flow of embodied water from western to eastern, and from northern to southern provinces, as well as the most
controlling provincial nodes, and import-export pairs. Their analysis also revealed significant disparity in terms of the
fraction of energy consumed for water treatment and purification, as well as final demand consumption which was
correlated to population and economic development. Energy-water nexus analysis can be conduct at a city level, and
for urban areas too. Fang and Chen [5,6] applied an input-output analysis to investigate the energy-water nexus in
Beijing. The agriculture and food processing sectors were identified as the major supplier of “virtual” water, and the
petroleum and natural gas processing, and electricity generation were proved to be the main supplier of urban energy.
Transportation and real state sectors were classified as emerging critical nodes in the energy-water nexus. Fang and
Chen [7] also studied the water-carbon nexus in China. They highlighted the interconnection between water resource
utilization and CO. emissions. Their multi-regional input-output methodology allows identifying major provinces for
critical forward and backward embodied water and carbon export and import. They observed that rapidly developing
provinces transfer water stress and emission burden to other regions. Sun et al. [8] highlighted the water stress in the
Chinese power sector, due to excessive use of fossil fuels, especially coal. In their electricity-water nexus analysis,
they identified the Beijing—Tianjin—Hebei region as one of the most water-stressed areas. They recommended a
combination of advanced power generation technologies and renewable power generation to alleviate the situation.
Lv et al. [9] applied interval-fuzzy chance-constrained programming to address the uncertainties in the water-energy
nexus. They demonstrated their methodology for the case of the Hebei province, which heavily relies on fossil fuels
for energy conversion. They highlighted the importance of water availability and uncertainty. They showed that for
water-scarce scenarios, it is necessary to save water at the price of importing energy, demonstrating the tangled

relationship between water and energy. Feng et al. [10] study the environmental implication of water-electricity nexus
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in China. Using life cycle analysis (LCA), and input-output analysis, they quantified carbon and water footprints of
eight power generation technologies. They proposed that renewable power generation from wind can reduce water
reliance and GHG emissions, simultaneously. Tsolas et al. [11] applied a graph-based formulation which allows
graphical selection of water-energy nexus strategies. Using graph theory, they demonstrated that the optimal nexus
configuration with minimum energy and water generation has no redundant flows and cycles in the network
configuration. The optimal network configuration has minimum resource usage too. Nevertheless, the availability of
consistent and integrated sets of data is of vital importance for electricity-water nexus analysis. Ideally, such data
should be widely accessible, exhaustive and with reasonable temporal and spatial resolution. Larsen et al [12] studied
the water and electricity generation nexus in the European countries. They highlighted uncertainties associated with
regional data, and technological characteristics. They quantified an ensemble of median/min/max as an indicator of
water use in European countries during 1980-2015. A comparative review of energy intensity and environmental
impact of water supply and distribution was recently presented by Lee et al. [13]. Their quantitative survey included
risk indicators regarding water quality (return flow ratio) and quantity (baseline water stress). One of their important
observations was that areas with high water risk feature a higher degree of energy intensity and GHG emissions. The
key observation of all these studies is the complexity of the water-electricity nexus problem, as well as its great socio-
economic and environmental impacts. These are discussed further in the following before proposing the research
methodology.

In the following, the water-electricity nexus and its environmental implications are discussed in more detail. The present
research aims at providing a systematic methodology to quantify the economic and environmental performance of water
and electricity networks, and to address the interactions between them. In the following, the economic and
environmental implication of each technology is discussed in detail, and the interactions between the water and
electricity nexus, as well as their greenhouse gas footprints, are illustrated by reference to various geographical
observations. These discussions illustrate the problem characteristics and provide the background to explore the analysis
methods and solution algorithms that have been proposed by other researchers, to address the problem in whole or in
part. Considering the research gap for a systematic methodology to address the electricity-water nexus, and the need to
establish the trade-off between economic and environmental objectives, multi-objective programming is proposed in
the Methodology section to address the problem. Here, the description of the model is provided. However, the details
of the mathematical program are moved to the online Supplementary Materials for the sake of brevity. The development
is based on extending a previous mathematical formulation [14] to include the model for the water network, as well as
quantification of the water consumption in the power sector and power consumption in the water sector, and their
environmental footprints. The mathematical formulation is solved using multi-objective optimization. The challenging
case of water-electricity nexus in China was chosen to illustrate the application of the method, due to being a globally
major water and energy consumer, as well as its regional imbalance of water and energy resources, and current air
pollution issues. The results section is comprehensive and considers the scenario in which 30% of coal-fired power
plants in the current Chinese electricity grid are replaced with solar and wind energy, as well as the equivalent scenario
in which carbon capture and sequestration are applied. The paper concludes by illustrating the trade-off between

economic and environmental objectives and emphasizing the key characteristics of the water-electricity nexus.
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1.1. Electricity power generation: Water requirements and under stress resources

The amount of water consumed globally and our reliance on its resources are extensively understated. Water resources
are heterogeneously propagated around the world. While abundant resources of freshwater are accessible in some
regions of the world, water scarcity is progressively being experienced in the rest. Globally, approximately 768 million
citizens are deprived of high-quality water resources [15]. As stated by the International Energy Agency (IEA), the
worldwide withdrawals of water for production of energy in 2010 were estimated to be 583 billion m® (approximately
15% of worldwide withdrawals of water, surpassing the mean discharge of India’s Ganges River annually [16]. The
energy sector is the 2" largest water consumer after irrigation [17]. The energy sector’s water footprint is projected
to surge by 37-66% (subject to the oil price), in the future. The water footprint of a power generation technology
refers to the volume of water consumed and polluted during the manufacturing of equipment and different stages of
the generation process. A high oil price would induce a quicker swing to several renewables [18] that may or may
not be more water-demanding compared to the present fossil fuels [19,20]. At present, the water consumed by power
plants is mostly being contributed by groundwater and surface water supplies, which are also shared with the agricultural
and urban demands.

On the other hand, the worldwide electricity demand escalated dramatically by 78% between 2000 and 2010 [16]
which should be attributed to the growing population and improved living standards. In 2009, 90% of 380 TWh of
electricity generated annually in the UK was contributed by thermoelectric power stations, while nearly 50% of all
water withdrawal in England and Wales was made up by the electricity sector [21]. The daily freshwater consumption
of thermal power generation was about 914 million cubic meters (49% of overall consumption), whereby steam is
utilised to run a turbine for electricity generation and water is consumed for steam condensation at the exhaust of the
turbine and for internal temperatures regulation, preventing overheating [22,23]. The energy-related water demand
competes with the municipal as well as the agricultural sectors. If drought situations escalate as projected with
continuous global climate change, several rivers will hit extremely low levels during summer, imposing further stress
on power generation.

The usage of energy in municipal water supplies can be segregated into dual key constituents: (1) energy demand
during operation, and (2) energy usage for constructing as well as maintaining the equipment and infrastructure in the
water industry. Majority of the energy reports do not consider analysis in relation to direct energy usage (i.e., energy
demand during operation). This may be due to the complexity of achieving reliable data quality to validate those
findings. The energy consumption related with end-use of water is usually neglected or studied independently from
the water supply operations although it is an essential component of the water supply chain, and a significant energy
consumer as well as GHG emitter [24].

1.2. Electricity power generation: Environmental implications

Power plants emissions contribute nearly 42% of the global CO, emissions [25]. This sector is accountable for 32%
of the CO; emissions in the UK [26], and accounts for a key target in the UK’s Climate Change Act 2008 in order to
decrease the GHG emissions by 80% by 2050 [27]. In China, 40% of total emission is from coal-fired power
generation. Considering the rising demand, the power sector is projected to remain the largest emitter of energy-

associated GHGs [28]. For instance, CO, emissions of the power industry escalated by 80% between 1990
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(introduction of the Kyoto protocol) and 2011 [25]. The quality of air continues to be a crucial issue both at the regional
and national levels.

An on-going development, carbon capture and sequestration (CCS), can potentially mitigate GHG emissions from
power stations at the expense of larger water requirements [29-32]. The competition for water resources can lead to
further challenges in water supply, especially in arid regions. For instance, the consumption of water at new pulverised
coal-fired power stations will be approximately 90% larger with the inclusion of amine-based capture systems [33].
Natural gas combined-cycle (NGCC) plants, that are retrofitted with amine-based capture processes, will also result
in a 76% increment in water consumption. With the implementation of a two-stage Selexol process, the consumption
of water in gasification systems is expected to rise. Integrated gasification combined-cycle (IGCC) plants will need
45% more water, half of which is required for the water-intensive gasifier operations and water-gas shift (WGS)
reactor [33]. The water demand associated with thermal power plants can be minimised at the expense of larger
expenditure, by changing to a “dry cooling” approach or an entirely closed-loop system.

Due to these emerging complications, nuclear power has been placed back on the agenda in various countries [34].
Nuclear energy is extremely dense and a single fuel pellet of uranium has an equivalent amount of energy as 480 m?
of natural gas, 149 gallons of oil, or 807 kg of coal [35,36]. Apart from that, nuclear power does not emit CO; but
consumes a significant volume of cooling water.

Hydropower is another candidate solution for renewable power generation. However, recent studies discovered that a
hydroelectric dam is a significant GHG emitter, partially counteracting the carbon sink in the mainland [37,38]. There
is also a growing issue on the sustainability of water using hydropower [39,40]. In hydropower plants, approximately
68 L of water is utilised for 1 kWh of electrical generation. Practically, this implies that for burning a single 60 W
light bulb for 12 h, 3673 L of water has to be utilized [41].

Wind energy is a renewable energy resource, whereby it utilises kinetic energy from air movement and converts it to
electricity. Wind turbine grids are built either on-shore or off-shore [42]. Another renewable source of energy is solar
energy which can be converted into electricity using photovoltaics or concentrated solar power plants. With respect
to water and environmental footprints, wind and solar energy are highly advantageous because of their negligible
direct water consumption and insignificant carbon footprint [43].

1.3. Water and wastewater treatment: Energetic and environmental aspects

In the life-cycle of water technologies, energy is required for abstraction (e.g. for ground or surface water pumping),
purification (e.g. for desalination and treatment of wastewater), delivery (e.g. to channel water via long distributed
pipelines and in municipal supply networks), operation (e.g. to boil water for industrial purposes, domestic utilisation
and for agricultural sectors) and disposal (e.g. for on-site municipal and industrial wastewater) [44]. The net
consumption of energy can differ considerably for every process which should be attributable to different
geographical, technological and physical aspects. For example, 19% of electricity in California’s is associated with
water facilities, including the provision of water, treatment of wastewater, agriculture and other applications [45]. In
Avrizona, annually over 500 billion gallons of water are supplied to the Central Arizona Project via a channel that

extends 336 miles and rises almost 3000 feet from the Colorado River to Phoenix and Tucson. The Central Arizona
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Project is a primary electricity user in the US which consumes a quarter of the Navajo Generating Station’s output to
drive water through the mountains and deserts [46].

As a consequence of growing water demand, numerous urban water providers are applying seawater desalination
technologies [47]. Unlike its counterparts, desalination is not affected by climatic variations and provides a steady
supply. However, if fossil fuels are the sources of energy, it would sequentially develop a closed-loop feedback scheme
by causing global warming which in turn gives rise to water stress. The seawater or brackish water desalination
technology has improved considerably in the past decade. Latest improvements include an expansion in the unit
volume, better design and materials, and upgraded membranes. In addition, hybrid technologies can result in cost
reduction and minimal power consumption during desalination operations [48,49]. The energy consumption for
desalination has also declined gradually from around 16 kWh per m?® of water in 1970 to about 3 kWh per m® in 2011
[50]. In scenarios where desalination could be considered cost-effective, it offers a significant water resource, in
coastal regions. Worldwide, approximately 17,000 desalination plants are in operation in over 120 countries, supplying
nearly 23 million m® of water [51]. A major attribute is that desalination and transportation over long distance are one
of the largest energy consumers in the water industry.

Wastewater treatment plants (WWTP) illustrate another classical example of the energy-water relationship in that
energy is utilised for eliminating pollutants and minimising the wastewater footprint in the environmental
surroundings. In spite of that, GHG emissions from respiration and consumption of power in wastewater treatment
plants have drawn great attention [45,52]. Schnoor [53] stated that perhaps the biggest water feature in the 21st century
is to treat wastewater via membranes and reverse osmosis for the supply of potable water with a considerable
consumption of energy. In the US, water and wastewater treatment comprise about 30-40% of the energy consumption
by urban amenities. This is equivalent to GHG emissions of nearly 45 million tons per year [54]. In developed nations,
WWTPs consume around 3% of the total electricity [55]. From an energy perspective, wastewater treatment and reuse
can be more cost-effective compared to desalination.

1.4. Water, electricity and greenhouse gases (GHG): The Nexus

Water consumed for energy production is an aspect that is relatively well researched due to its significant importance
[24,56]. However, the energy consumption aspects of the water industry are not much explored but lately, this topic
alongside its environmental consequences has garnered much attention [57,58]. Essentially, acquiring additional fresh
water would be easy, if there were an infinite supply of “clean energy”. Saline water would then be treated via
desalination process and subsequently, the treated water would be pumped and supplied to the end users. However, as
energy resources are depleting, the obstacle of providing a continuous supply of water is much more important and
has numerous energy consequences. In addition, energy consumption accounts for a significant amount of GHG
emissions, depending on the type of utilised fuel [59]. In Australia, electricity consumed for municipal water supply
is generated by coal-fired power plants. Nearly 5% (290 million tons) of the US overall greenhouse gas emissions per

year comes from the water industry [60].
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1.5. Methods for addressing the water-electricity nexus

The fact that the water-electricity nexus is multi-dimensional and has many interactive aspects, has posed significant
conceptual and computational challenge against its systematic solution. The features of interest include the close
entanglement between the two networks, the heterogeneous regional disparity of water and energy resources, as the
significant contrast in the economic and environmental performance of various technologies, discussed earlier. Wu
and Yan [61] highlighted that the transition of existing fossil-driven energy infrastructure to new low carbon
technologies has increased the interactions and coupling of energy supply chains. Antonelli et al [62] using a
demonstrating example of the Italian power network, argued that intermittencies of renewable power intensified by
demand uncertainty, require careful policymaking regarding the maximum share of renewable energy systems.
Fernandez-Blanco et al [63] emphasized the role of hydropower for the flexible operation of power networks, using a
demonstrating case in Greece. DeNooyer et al. [64] applied digital spatial datasets in conjunction with engineering
techniques to develop geographic information system (GIS) models that could quantify the nexus between water
resources and thermoelectric power plants in Illinois, US. Abegaz et al. [65] highlighted the need for tailor-made
sensing technologies in the water infrastructure.

Fewer studies have focused on the energy-water nexus of water and wastewater treatment systems in China. Chen et
al. [66] developed a framework for the urban energy-water nexus to quantify the intricate interdependencies of water
use and energy consumption in Beijing. Duan and Chen [67] studied the water-energy nexus in the international energy
trade context, and concluded that in a Chinese scenario, the amount of water consumed for a unit of energy was
relatively larger. They attributed this observation to the indirect water use. Li et al. [43] analysed the life cycle
emissions of CO; and water consumed by China’s wind power and concluded that wind energy could reduce carbon
and water consumption of China’s coal-dominated power generation industry. However, the authors did not
incorporate all the current and possible future energy operations that consume water when assessing the regional water
usage with the targets of the water industry. Yu et al. [68] utilised a bottom-up modelling based approach to measure
how future strategies and technological revolutions could impact the water consumption and emissions of CO; in coal-
fired power plants. Nevertheless, the technological aspects and analysis of the future outlook were only applied to
coal-fired power plants and its relative consumption of water.

While a thorough review of the methods applied for modelling water-electricity nexus is beyond the scope of this
paper, a detailed analysis of the related macro-assessment tools is provided by Dai et al. [69]. Wang et al. [70] studied
the water-electricity nexus and its implications for the water scarcity in China. They applied the so-called virtual water
flow concept which refers to the water footprint of the electricity flow within the network. They quantified the water
nexus using the water scarcity index and demonstrated that a large portion of the industrial water demand is supplied
through the electricity transmission, which enables balancing the inequality of water resources among various regions.
Qinetal. [71] studied the water-energy nexus in the context of “3 Red-Lines policies”, set by the Chinese government.
They concluded that the increasing energy demand will pose challenges in future and compliance with these policies
requires that the water footprint of energy sector should be considered during technology selection. Fen et al. [10]
highlighted that achieving China’s emission reduction policies require a significant change in the fuel mix. They

applied a life cycle analysis to quantify the environmental performance of eight power generation technologies. They
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concluded that switching to renewable power generation from wind and solar energy could mitigate GHG emissions
by 79% and reduce the demand for water by 50%. Data availability plays an important role in the quantification and
optimization of electricity-water nexus. Jiang and Ramaswami [72] studied the water consumption of various coal-
fired power generation technologies at different industrial scales. They observed significant seasonality for water
requirements. They also suggested that the distinction between water withdrawal and consumption becomes
negligible, due to the limited amount of water return. Fang and Chen [7] highlighted the interconnection between
water consumption and CO; emissions in China. They emphasized the transition of water stress and the pressure for
compliance with emission reduction targets, from the importer nodes to the exporter nodes in the supply chain. Pan et
al. [73] emphasized the uneven distribution of water and coal resources and the implication that it has for the
sustainability of power generation in China, especially in the northern and western regions. A similar observation was
made by Zhang and Anadon [74] who applied a mixed-unit multiregional input-output (MRIO) model and life cycle
impact assessment (LCIA) method to study the effects of the uneven distribution of water and fossil-fuel resources on
the sustainability of energy infrastructure in China. They highlighted that arid northern areas have higher water
consumption compared to water-rich southern areas.

A summary of previous studies for supply chain optimisation is presented in Table 1 which reveals that supply chain
optimisation encompassing environmental impacts is a relatively new research topic. Besides, industrial-scale
practical case studies are fairly limited. Table 1 also suggests that there is a need for a systematic method for
synthesizing the water-electricity nexus simultaneously. Here, we propose to apply multi-objective optimization under
uncertainty, in order to simultaneously consider the interactions between the water and electricity networks through
their design and operational decisions and to establish the trade-off between the competing energy and environmental
objectives. The research methodology is presented in the next section, and later applied to the challenging case of
water-electricity nexus in China. The features of interest include the implications that renewable wind and solar power,

as well as carbon capture and sequestration have for the water-electricity nexus in China.

2. Problem statement

As discussed in detail earlier, electricity power generation and water networks are inextricably linked. In addition,
both these industries emit considerable amounts of greenhouse gases (GHG). A resolution to disentangle GHG
emissions from the electricity-water nexus is to retrofit existing thermal power plants with carbon capture and storage
(CCS). However, the CCS technologies would increase the water requirements, putting additional strain on the already
water-scarce regions. Solar and wind power offer alternative solutions, minimising both water and environmental
footprints. Nonetheless, the main challenge intrinsic to these emerging technologies is the relatively higher economic
costs and their intermittent generation, requiring additional investment in energy storage. The key observation is that
achieving the objectives of electricity grid decarbonisation either through carbon capture and storage, or renewable
power generation from wind and solar energy, requires a simultaneous approach to the economic and environmental
gains, as well as consideration of the constraints that are imposed by the availability of the resources. The present
research proposes to achieve this goal through multi-objective stochastic optimization programming, where the trade-
off between the competing objectives are established and the robustness of the solution is ensured despite the presence

of uncertainties. The generation of stochastic optimization scenarios was based on clustering analysis of historical data
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to enable a realistic analysis. The application of such advanced method ensures that the designed infrastructure is not
only robust against worst-case scenarios, but also is optimal for the most likely scenario.

To this end, the problem statement of the present research includes identification of the optimal investment in
renewable power generation and storage facilities, retiring a number of existing fossil-driven technologies or
retrofitting them with CCS technologies, while satisfying the electricity demand, maximising the economic potential
and minimising greenhouse gas emissions. In addition, the optimization program simultaneously identifies the optimal
configuration of the water and wastewater management technologies, in order to supply the water to the power
generation facilities. The optimization solution also includes the operational decisions regarding the scheduling of
power generators and water treatment facilities, in the presence of uncertainties in the water demand, electricity

demand, wind speed and solar irradiation.

Table 1: A list of previous works on supply chain optimisation and their major contributions.

Author(s) Ecqnomic GHG o Supply Chair) Life Cyple Type of Tephniques
Objective  Minimisation  Network Design Analysis Model Utilisation
Sharifzadeh et al. [14] v v MILP SP
Bojarski et al. [75] v v v MILP LCA
Chong et al. [76] 4 v MILP P-Graph
Foo etal. [77] v v MILP RO
o « e s
Hugo et al. [79] 4 v v MILP POS
Lam et al. [80] v v MILP P-Graph
Mele et al. [81] v v 4 MILP LCA
Pinto-Varela et al. [82] v v v MILP FP
Pozo et al. [83] v v 4 MILP PCA
Shabani et al. [84] v v MILP SP
Tanetal. [77] v MILP P-Graph
You et al. [85] v 4 v MILP POS
You and Wang [86] v 4 v MILP POS
Zamboni et al. [87] v v v MILP POS
Zamboni et al. [88] 4 4 v MILP POS

(FP = Fuzzy programming, LCA = Life cycle analysis, PCA = principal component analysis, POS = Pareto optimal
solution, RO = Robust optimisation, SP = Stochastic programming, MILP= Mixed-integer linear programming, MINLP=
Mixed-integer nonlinear programming)
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3. Methodology

Recently, Sharifzadeh, et al. [14] presented a mathematical formulation for optimal design and operation of power
generation networks. That mathematical formulation was extended in the present study to include the models of the
water and wastewater treatment network. In addition to the economic costs of power generation and water treatment,
the environmental impacts in terms of greenhouse gas (GHG) emissions from the power and water networks were
included in a multi-objective optimization program. The power network model includes constraints concerning the
electricity balance around various nodes and the power losses in the transmission network, power generation from
natural gas, power generation from coal, nuclear power generation, power generation from wind energy, power
generation from solar energy, and electricity storage. The water network model includes constraints concerning water
supply balance, wastewater treatment, membrane desalination plants, thermal desalination plants and water
purification plants (from rivers). Most of all, the model includes constraints which establish the links between the
power generation and water technologies, in terms of the water needed for power generation and the electricity needed
for water treatment. The optimization framework includes realistic stochastic scenarios. The aim was to illustrate the
implications of uncertainties in electricity demand, solar and wind power generation, as well as water demand. The
optimization variables include the decisions regarding retiring the existing facilities as well as investing in new
renewable power and water technologies. In addition, in some scenarios, the optimization model included the option
of integrating coal-fired power plants with carbon capture and sequestration. The details of the mathematical
formulation and applied data are presented in the online Supplementary Materials (SM).

4. Case Study Descriptions

In order to demonstrate the research methodology, it was applied to the case of retrofitting the existing electrical
transmission grids in China. For the sake of brevity, the case study is reported in the online Supplementary Materials
(SM). The details include the specifications of the existing infrastructure such as the transmission lines, existing natural
gas power plants, coal-fired power plants, nuclear power stations, installed wind power generation capacities, solar
farms and pumped storage facilities. The SM also reports the parameters of the models applied for economic and
environmental studies. The aim is to illustrate the problem formulation, and ensure the reproducibility of the results.
The optimization program was solved using CPLEX v12.0 in GAMS version 24.7.1.

5. Results and discussions

In this section, the results of the optimisation programming are presented and discussed. In the developed stochastic
optimization program, the seasonal variations in wind speed, solar irradiation, electricity demand as well as water
demand were included in the program. Not only does the retrofitted grid remain operational under extreme negative
variations, but it also takes advantage of their positive realizations, in terms of economic profitability and
environmental protection.

Furthermore, optimization was conducted with respect to both economic objectives and environmental objectives. The
features of interest include the geographical implications of the water-electricity nexus, the role of renewable power
technologies and carbon capture and storage (CCS) in disentangling the GHG emissions from the interaction between

the water and electricity networks, and the decision support for informed policy-making.
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5.1. Disentangling the greenhouse gases (GHGS) using renewable wind and solar energy

In the first part of the results, only wind and solar power were considered for disentangling the greenhouse gas (GHG)
emissions from the water-electricity nexus. Later in Section 5.2, carbon capture and storage is also included in the
mathematical program. In all scenarios, the stochastic behaviours of wind and solar energy, as well as the demand for
water were considered, to ensure a realistic assessment of the technological potentials.

5.1.1. The implication of renewable energies for the power sector

Figure 1(a) and Figure 1(b) display the results of the stochastic optimisation studies for power generation. In Scenario
(a), only the economic performance was optimised. By comparison, in Scenario (b), the environmental performance
was the objective function. The economic scenario (Figure 1(a)) suggests that a significant number of coal power
plants still remain in operation compared to the environmental scenario (Figure 1(b)). A large distribution of coal
power plants was also observed in the northern region of China as there are huge coal reserves in these regions, and
coal power plants are favoured as being more cost-effective than other power generation technologies. The extra
demand will be supplied by the wind and solar power. The wind turbines installation is preferred in the northern
regions due to the stronger wind availability, while solar energy is favoured in the southern regions due to the higher

solar intensity.

(a) Power generation sites with minimum costby 2030 (b) Power generation sites with minimum GHG by 2030
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Figure 1: The geographical allocation of the existing electrical grid with new renewable power facilities.

On the other hand, for the environmental scenarios (Figure 1(b)), a greater number of renewable technologies are
installed across Chinese provinces due to their lower GHG emissions compared to the coal power plants. A significant
number of coal power plants are also shut down to reduce emissions. Therefore, in order to supply the total required
electricity demand, a greater number of wind and solar power installations are provisioned. Large storage facilities are
also installed in locations such as Hunan and Sichuan provinces to store the excess power generated by solar panels
when there is low electricity demand. Again, more wind turbines are installed in the northern nodes particularly in the
Gansu, Ningxia, and Shaanxi provinces due to the higher wind speed availability, while more solar panels are installed
across the southern nodes such as in the Guangdong, Guangxi, and Hunan provinces as the solar intensity is higher in
those locations.

In the present study, the option of investing in new natural gas power plants was included in the optimization
formulation. However, the optimization program chose to not invest in this technology in the prospective economic
and environmental scenarios. This observation is because power generation from natural gas is less economic

compared to coal, and less environmentally friendly compared to wind and solar power. Therefore, this technology
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falls between these extreme scenarios. It is notable that as shale gas extraction becoming more and more commercial
in China, the situation may change due to lowered exploration costs and abundance of this emerging resources, in
certain areas.

It is also worth noting that the northern regions experience more water scarcity than the southern provinces. Installation
of renewable wind turbines not only reduces GHG emissions, but also relieves the water stress in the northern regions,
as wind generation does not consume significant volumes of water. Large capacities of nuclear power plants are also
constructed near the coastal regions as nuclear power plants consume substantial quantities of water for cooling
purposes, so water could be conveniently sourced from the sea.

5.1.2. The implication of renewable energies for the water sector

Figure 2(a) and Figure 2(b) displayed the results of the stochastic optimisation studies for water production. In
Scenario (a), only the economic performance was optimised. By comparison, in Scenario (b), the environmental
performance was the objective function. In the economic scenarios (Figure 2(a)), a large number of wastewater
treatment plants are installed compared to the environmental scenario (Figure 2(b)). For the environmental
performance (Figure 2(b)), more water purification plants are installed, rather than wastewater treatment plants, which
should be attributed to the significantly larger GHG emissions associated with wastewater treatment plants (2.34 vs.
1.70 kg CO./m3). In addition, Figure 3(a) presents the number of new water production installation required to supply
the water demand by 2030 while Figure 3(b) presents the corresponding capacities of the water production facilities.
It can be noticed that several membrane desalination plants have been installed, where a greater number of membrane
desalination facilities are designed for the minimum cost objective, compared to the minimum GHG objective. This is
not surprising as the desalination process releases more GHG emissions than a water purification process, hence,
resulting in a smaller number of membrane desalination plants in that scenario. It is also worth mentioning that the
membrane desalination plants can only be installed in certain locations with close proximity to the ocean. Hence, from
Figure 2, it can be observed that membrane desalination plants are installed in locations such as Fujian, Jiangsu and

Zhejiang provinces where seawater can be conveniently extracted for conversion into the desalinated water.

(a) Water production facilities with minimum cost by 2030 (b) Water production facilities with minimum GHG by 2030

Figure 2: The geographical distribution of water production facilities across China’s provinces.
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Figure 3: (a) The number of new water production plants in China by 2030; (b) The capacity of new water production facilities
in China by 2030

Figures 4-7 display the operational scheduling for the 4-seasonal stochastic scenarios. Figure 4 and Figure 5 present
the seasonal variations for the power generation with economic objective and environmental objective, respectively.
More electricity is being supplied by the coal power plants for the minimum cost objective (Figure 4), while more
renewable energy, particularly wind power, is in operation for the minimum GHG objective (Figure 5). In addition,
the energy storage deployment varies across the 4 seasons. In the summer and spring seasons, the high availability of
solar allows the excess electrical power to be stored from noon till evening. During winter and autumn, this stored
energy will be supplied to the electrical grid for consumption.

Figure 6 and Figure 7 depict the seasonal variations of the water production for the economic and environmental
objectives, respectively. As represented in both figures, a larger volume of water is consumed during the summer and
spring seasons. Wastewater treatment plants are preferred as the choice of water supply for the minimum cost scenario
(Figure 6), while more water purification plants are in operation for the cleaner environmental scenario (Figure 7).
Moreover, less water is consumed in the winter and autumn seasons due to the lower demands. This is directly related
to the low electricity demand during winter and autumn too. Peak water demands are also observed from 9 a.m. till 7

p.m. for all the 4 seasons.
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5.2. Disentangling the greenhouse gases (GHGs) with an additional option for carbon capture and storage

(CCS)
As mentioned earlier, China is committed to reducing the GHG emissions from coal-fired power plants by 30%
[10,89]. Integration of carbon capture and storage (CCS) technology with the existing coal power plants is an
alternative method to mitigate the associated greenhouse gas emissions. This would allow China to save the
extra cost and complex efforts in decommissioning the coal power plants. Therefore, this section studies the

implications of CCS for the water-electricity-GHG nexus.

5.2.1.
In Figure 8, the locations of existing power generation facilities retrofitted with carbon capture technology are

The implication of the CCS integration for the power sector

presented. In Scenario (a), only the economic performance was optimised. By comparison, in Scenario (b), only
the environmental performance was the objective function. It was observed that a larger number of the coal
power plants are integrated with the CCS technology in Scenario (b) compared to Scenario (a), in order to
mitigate the greenhouse gas emissions. However, there are economic penalties associated with the CCS
integration which include significantly larger water consumptions, resulting in higher operational costs. Hence,
in Scenario (a), i.e., the minimum cost scenario, only a few coal power plants are retrofitted with CCS.

Furthermore, it was observed that a large number of CCS plants are installed in the southern provinces (see
Scenario (b) in Figure 8). This observation is due to the higher availability of water in the southern regions

required for CCS.

(a) Power generation +CCS sites with minimum costs by 2030

(b) Power generation +CCS sites with minimum GHG by 2030
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Figure 8: The geographical allocation of the existing electrical grid retrofitted with carbon capture (CC).

Solar

Storage

5.2.2.
Figure 9 shows the total number of new water production facilities to be installed in China by 2030 to

The implication of the CCS integration for the water sector
accommodate the increase in water demand. This includes the uncertainties in water demand too. It can be seen

that wastewater treatment plants and membrane desalination plants are preferred for the economic objective

whilst more water purification plants are chosen for the environmental objective.
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Figure 9: The number of new water production plants in China by 2030, for the scenario including CCS.

5.3. Informed policy-making: replacing 30% of coal power plants with renewable technologies versus
CCS integration with existing coal power plants

This section compares the two case studies of (1) replacing 30% of coal power plants with renewable wind and
solar technologies, (2) retrofitting the existing coal power plants with carbon capture and sequestration (CCS), for
the equivalent GHG mitigation objective. Tables 2 and 3 report the total daily cost as the summation of the
total capital (investment) and operational costs, as well as the environmental objective in terms of the GHG
emissions for case studies (1) and (2), respectively. The key factor that affects the optimised economic and
environmental objectives is the difference between the capital costs, operational costs and the installation of new
renewable technologies. The second and third row in Table 2 and Table 3 list the optimum values for the
economic and environmental objective functions, respectively. A one-to-one comparison of the economic
objective values in case studies (1) and (2) reveals that retiring the coal-fuel power plants and investing in
renewable wind and solar power generators is a more cost-effective strategy, compared to the decarbonization of
the existing coal-based grid via CCS integration. The reason should be attributed to the additional costs of CCS
(in terms of capital investment and energy penalties) and its significant demand for water, which would increase
the pressure on the already-stressed water resources. This conclusion is despite the minor increase in the
environmental footprint which should be attributed to the indirect GHG emissions from manufacturing solar and

wind power generation equipment.

Table 2: Objective functions and model statistics for the case study (1).
Economic objective GHG objective

Total Daily Cost (¥/day) 3.760 x10° 2.097 x10%°
Total GHG Emissions (kg CO,/day) 405,954.61 342,800.30
Number of Variables 135,048 135,048
Number of Constraints 325,655 325,655
Computational Time* 00:05:31 00:32:15

* Note that the computational time is expressed as hours:minutes:seconds
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Table 3: Objective functions and model statistics for the case study (2).

Economic objective GHG objective

Total Daily Cost (¥/day) 3.975 x10° 2.051x10%0
Total GHG Emissions (kg CO,/day) 436,013.42 371,068.14
Number of Variables 135,048 135,048
Number of Constraints 296,855 296,855
Computational Time* 00:02:04 00:05:48

* Note that the computational time is expressed as hours:minutes:seconds

The Pareto fronts shown in Figure 10 illustrates the intense trade-offs between the economic and environmental
objectives of China’s water-electricity nexus, for the above-mentioned case studies. The Pareto optimal solutions
are obtained using the e-constraint method for multi-objective optimization programming. The shape of the Pareto
front clearly indicates that in order to reduce (i.e., optimize) one of the objectives, the other objective has to
increase (i.e., be sacrificed). By decreasing the total GHG emissions objective, a gradual increase in the total daily
cost is observed in the first section of the Pareto curve. The details of the optimal solution suggested a different
supply chain network, hence, the gradual increase in the overall cost objective. Upon decreasing the total GHG
emissions further, the cost objective exhibits a linear increment before the Pareto curves approach the last section,
whereby the curves flatten. Only a small increase in the total daily cost is observed in the last section as the supply

chain network limitations are reached.
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Figure 10: Pareto curves for the water-electricity nexus in China.

It should be noted that shutting down coal power plants may incur extra costs for decommissioning and a large
number of coal reserves may be left unutilised which is a waste of resources since coal is cheap and
abundant in China. Nonetheless, all these emerging technologies are subject to technical changes and reductions
in costs. Hence, the optimal solution would be the region in the middle of the Pareto curve, in which some of the
coal power plants are shut down, some of the coal power plants are retrofitted with CCS technologies, while
the extra electricity demand is supplied by renewable power.
6. Conclusions
Globally, energy and water are regarded as a single nexus due to the strong mutual dependencies. Nonetheless,
the escalating worldwide demand for energy and water has led to a significant amount of greenhouse gas
emissions. Hence, there is a stringent need to establish a broader nexus — “energy-water-greenhouse gas” — where
the effects of water requirements for energy conversion, energy-related utilisation of water and the associated
greenhouse gas emissions are considered simultaneously. The present research addressed this gap by developing
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a novel energy-water-greenhouse nexus framework in the context of power generation, using multi-objective

optimisation under uncertainty. A mixed-integer (piece-wise) linear program (MILP) was formulated and solved
using CPLEX v12.0 in GAMS version 24.7.1. The key objectives were to maximise economic potentials, while
minimising the environmental impacts associated with the consumption of both electricity and water via (1) the
retirement of existing polluting power generation systems, or their integration with carbon capture technologies,
(2) the investment in renewable power technologies, and (3) the investment in water and wastewater treatment
technologies.

China was selected as the demonstrating case study due to its major regional imbalance of energy and water
resources, as well as its current polluted air condition, in the major cities. Globally, China is the largest energy
and water consumer. Therefore, maintaining a sustainable energy-water nexus is crucial for China’s economic and
environmental sustainability. As China pledged to reduce its dependency on coal power plants and with the major
boost in its renewable technologies, it is heading towards a greener nation by 2030. A holistic case study was
developed for the geographical region of China, in which the overall electricity generation was constrained to be
supplied by at least 40% of renewable power technologies.

While renewable technologies have the potential to decouple the negative environmental impacts of the
interactions between electricity grids and water networks, the major challenge is their intermittent generation
patterns and high associated uncertainties. Extra complications arise from the fact that the wind potential lies
mostly in the northern regions whilst solar irradiation is high mainly in the southern and southwest parts of China.
Hence, the ability to supply sufficient electrical power and water provisions to meet both the electricity and water
demand across all the provinces by 2030 is extremely challenging.

In the present study, overarching stochastic scenarios, as well as a regional clustering of energy generation and
water production technologies were performed for a realistic modelling of the energy-water-GHG nexus in China.
Data on the variety of energy and power generation technologies are widely available but the availability of water
data was limited. Hence, detailed attempts in gathering and assimilating those constraints coupled with
comprehensive research of the scattered distribution of both energy and water resources in China were developed
in order to achieve an accurate and robust solution. In order to address the fluctuations in electricity and water
demand as well as the wind and solar variability, four seasonal stochastic scenarios were implemented. The
seasonal stochastic scenarios were generated using five years of realistic and accurate data. A k-means clustering
technique was utilised to generate representative scenarios for the electricity and water demand as well as the wind
speed and solar irradiation. Nevertheless, a key feature of the proposed methodology is simultaneous optimization
and integration between design and operational decisions, which has proved efficient in accommodating
uncertainties and dealing with fluctuations and disturbances [29,32,90-93].

The results demonstrate that retrofitting the electrical grids with renewable technologies such as wind and solar is
promising to abate environmental pollution in China. Despite the higher initial investment costs, these renewable
power technologies do not consume a significant volume of water, hence, placing fewer burdens on the water-
scarce northern regions of China. Additionally, CCS facilities become advantageous when there is a low
generation of renewable resources coupled with high demand for electricity. With dwindling water supply,
installing new wastewater treatment plants is more cost-effective compared to other water production facilities.
For the environmental objective, employing water purification process particularly via reverse osmosis seems to
be the optimal solution. Moreover, by 2030, the projected water demand in China would sum up to about 818
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billion m® per annum which will dramatically exceed the current water supply of 606 billion m® nationwide. Hence,

China is seeking to engineer its way out of water shortages by installing new membrane desalination plants, which
are mostly located near the coastal provinces for easy adaptability and accessibility of seawater. On the other hand,
it was noticed that despite the longer computational time and effort, stochastic scenarios provide a realistic solution
for the electricity grid and water network. Storage facilities, particularly hydropower, are vital to dampen out the
renewable power variability triggered by the daily variations in wind and solar irradiation as well as to store the
excess power generated when the demand is low. The Pareto curves also dictate clear trade-off relationships for
the economic and environmental objectives of the energy-water-GHG nexus. The proposed model will then allow
us to select the best decisions for a sustainable design and operation of supply chain network.

In addition, mitigation of GHG emissions using carbon capture and storage (CCS) could be an alternative to curb
the major air pollution issues in China. This would also allow China to continue its current operation of coal power
plants without the need to shut them down. However, there are several economic penalties associated with the
installation of CCS technology which includes its higher capital expenditure and overall operational costs
(additional water consumption and power loss). In this respect, renewable energy seems to be more favoured due
to its almost zero carbon emissions but the drawback of renewables is their intermittency issues which led to the
additional utilisation of more coal power plants during the low generation and peak demand periods. Hence, the
key message of this work is that flexibility is the key enabler for high penetration of renewable energies or CCS
technology into conventional electricity grids. When the wind speed and solar irradiation are high, wind and solar
power can be fully utilised whilst during low generation periods, CCS technology will be favoured. Another
remark is that storage facilities are vital to dampen out the renewable power variability triggered by the daily
variations in wind and solar irradiation as well as to store the excess power generated when the demand is low.
Finally, the Pareto curves also clearly demonstrated the trade-off relationships between the economic and
environmental objectives. In order to minimise the total GHG emissions, there is the penalty of higher incurred
costs. Similarly, to have a minimum cost, more GHG will be emitted to the environment. To conclude, China’s
roadmap for a 40% electricity generation from renewable technologies by 2030 is achievable provided that every
key factor such as the total investment cost and the intermittent nature are taken into account in an integrated

formwork for the electricity-water-GHG nexus.
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