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A B S T R A C T

Availability of and access to water and energy are key ingredients for economic and social development. Unfortunately,
more than a billion people still lack access to both safe freshwater and basic energy services. Future predictions show
that the situation may become worse with about a 40% increase in energy demand and 30% increase in water demand by
2040. In addition, water and energy are highly interdependent, with water needed in all phases of the energy lifecycle and
energy needed in all phases of the water lifecycle. While recent years have seen an increasing number of studies on the
water-energy nexus, the research is focused on scattered individual areas of the nexus, each important in their own right.
However, there is now a need to synthesize these efforts and identify the most important elements needed for a holistic
water-energy nexus methodology. This paper focuses on the benefits to be gained from and the drawbacks of ignoring
various water-energy interlinks for policy makers and planners in their goals to meet long term resource security. Several
possible combinations of socio-economic and climate change scenarios make these goals even more challenging. The
lessons learnt from reviewing different integration methodologies and studies are compiled into a list of key recommen-
dations. It is found that current integration efforts are often biased towards the energy sector and its water requirements.
There is still a need for better representations of the water infrastructure and corresponding linkages with the energy sec-
tor. There is also a need to harmonize the energy and water systems from both a technical and policy perspective. This
calls for compatible disaggregation of spatial and temporal elements in both systems as well as designing model outputs
to allow evaluation of the synergies and tradeoffs of multi-scale, cross-sector policies.
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1. Introduction

This paper investigates water and energy resource planning mod-
els designed to aid government departments, planners and policy mak-
ers to plan, manage and provide the relevant services needed to reach
a desired level of quality of life. While quality of life can be a rela-
tive term, most definitions and indicators (e.g. United Nations (UN)
Human Development Index [1], UN Millennium Development Goals
[2], World Bank World Development Indicators [3], UN Sustainable
Development Goals [4]) include improved access to health and sani-
tation services, a steady reliable source of food, improved economic
and industrial activity and sufficient infrastructure to facilitate imple-
mentation and operation. These goals are sought keeping in mind mul-
tiple constraints including costs, environmental impacts, international
policies and other political motivations. While, there are many ele-
ments involved, water and energy are two of the key common re-
sources shared between almost all of these activities. Up until a few
decades ago, with abundant supplies relative to demands, the manage-
ment and infrastructure of the two sectors evolved independently, en-
couraging delineated responsibility and sector-specific planning [5].

However, both systems are becoming increasingly strained as a re-
sult of rising total demand due to population growth; increased per
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capita consumption due to economic and lifestyle changes; and cli-
mate change impacts on demand and availability patterns [6]. At least
1.8 billion people still lack reliable access to water safe for human
consumption and about 2.4 billion lack improved sanitation facilities
[7]. About 1.2 billion people also still lack access to electricity and
about 2.7 billion still cook using solid fuels [8] leading to nearly 2 mil-
lion deaths annually [9].

The future is very uncertain with several possible socio-economic
development pathways, simultaneously framing and shaped by several
climate change scenarios [10]. Energy demand is expected to increase
by about a third from 2014 to 2040 [8]. At the same time water de-
mand is predicted to increase by up to 55% by 2050 [11]. This will
occur as a result of the increase in global population from about 7.3
billion in 2015 to about 9.7 billion in 2050 [12] and the accompany-
ing increases in food demand, economic growth and industrial activ-
ity. While demands are increasing, the amount of global water remains
roughly constant at about 1.4 billion km3 [13] with less than 1% being
freshwater available for human uses. Accessible freshwater resources
are becoming even more vulnerable due to increased pollution, un-
controlled groundwater depletion and climate change impacts on wa-
ter availability patterns. According to the Intergovernmental Panel on
Climate Change [14], the population at risk of increased water stress
due to climate change can reach as high as 2 billion in 2040.

The problem is further complicated by the high interdependence
of water and energy. Water is used in all phases of the energy cy-
cle: in extraction and mining, directly in hydropower generation, for
power plant cooling and to irrigate biofuel crops. At the same time,

http://dx.doi.org/10.1016/j.rser.2016.08.043
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energy is needed in all phases of the water cycle: water extraction and
pumping, desalination, purification and distribution to end users. In
2010 the world energy production was responsible for 15% (583 bil-
lion cubic meters (bcm)) of total global water withdrawals, of which
about 10% (66 bcm) was consumed [15]. By 2035, in the International
Energy Agency (IEA) New Policies Scenario, global energy consump-
tion rises by 35% with a corresponding increase in water withdrawals
by the energy sector of 20%, while water consumption is expected
to increase by 85%. The higher water consumption relative to with-
drawals is predicted as a result of shifting to power plants with ad-
vanced cooling technologies which withdraw less water but consume
more as well as due to the possible expansion of biofuel crops [16].
The degree of interdependence between the two systems can vary re-
gionally based on the distribution of natural resources and existing
state of infrastructure. For example, electricity consumption by the
water sector varies from 5.8% in Spain (excluding end-water-use en-
ergy) [17] to about 9% in the Middle East and North African (MENA)
countries [18], 12% in Ontario, Canada and 19% in California [19].
Similarly, the energy sector in the MENA regions consumes less than
0.5% of its freshwater resources, in Spain the energy sector withdraws
25% and consumes about 4%, while in the United States, water use for
energy accounts for about 40% of freshwater withdrawals and 4% of
consumption [20].

The problem to address then, is tackling the issue of expected en-
ergy and water scarcity in the future, by improving existing manage-
ment methodologies. The overall goal is to manage the supply of water
and energy to multiple sectors competing for the two resources while
meeting the multiple, sometimes conflicting objectives which may in-
clude adaptation strategies, costs, emissions, efficiency, international
mitigation commitments and other policies.

The escalating issues emphasize that planners no longer have the
luxury to ignore the missed opportunities to be gained from inte-
grated planning and in recent years several international organiza-
tions have identified the water-energy nexus as a key global chal-
lenge in the upcoming decades (e.g. World Bank: Thirsty energy
[21], UN World Water Development Report 2014: Water and Energy
[22], Asian Development Bank (ADB): Thinking about water differ-
ently [23], US Department of Energy(USDOE): The Water Energy
Nexus [24], World Business Council for Sustainable Development
(WBCSD): Water, food and energy nexus challenges [25], World Re-
sources Institute (WRI): Water-energy nexus. Business risks and re-
wards [26], International Renewable Energy Agency (IRENA): Re-
newable energy in the water, energy and food nexus [27]).

Section 2 compiles a list of several key reasons to adopt integrated
water and energy modeling. Section 3 then summarizes some of the
barriers and issues that may be faced in achieving this integration. In-
tegrated modeling methodologies and several existing models are re-
viewed in Section 4. The needs, barriers and review of existing models
are then synthesized into a list of key recommendations for future de-
velopments in Section 5.

2. Need for water and energy integration

The synergetic benefits to be gained from integrated resource man-
agement will be critical in improving efficiencies, reducing trade-offs,
improving governance and finding alternate solutions to future en-
ergy and water resources scarcity problems [28]. Several key issues,
highlighting the advantages and need for integrated water and energy
analysis over individual systems, are listed below and discussed fur-
ther in this section:

1. Energy forecasting and planning with water constraints.

2. Water sustainability of decarbonization and power sector alterna-
tives.

3. Biofuel expansion and overexploitation of water resources.
4. Water and energy decoupling issues.
5. Alternative water sources and corresponding energy demands.
6. Hydroelectric vulnerability to climate change.
7. Water temperature constraints on energy production.
8. System efficiency and cross-sector feedbacks.
9. Inter sector, regional and stakeholder conflicts

2.1. Energy forecasting and planning with water constraints

Future forecasts for increases in energy demands coupled with in-
creases in population, water demands, industry and agriculture pre-
sent a challenging picture. However, a review of most of the existing
global energy scenarios (IEA, IIASA, IPCC, ETSAP TIAM, SHELL,
WETO, WEC1) [29] show that the focus of most external drivers
and policy constraints considered outside the energy sector itself are
mostly limited to population, GDP growth and carbon emissions. Im-
pacts on land and water are in almost all cases consequences of these
energy policies and pathways, in contrast to taking them as input con-
straints.

From 2011 to 2035, the IEA forecasts energy demand to increase
about 14% in the 450, 33% in the New Policies and by 45% in the
Current Policies [30,31]. Electricity is one of the world's fastest grow-
ing forms of delivered energy, growing from 26% to 32% of the final
energy share from 2011 to 2035 in the New Policies Scenario [30].
Across different scenarios, estimates show that at least 50% of elec-
tricity will still be generated from non-renewable sources using coal,
gas, and nuclear power plants heavily dependent on water cooling
[8,32,33]. Globally water withdrawals in 2000 were estimated to be
about 3500 bcm with agriculture accounting for about 70% (up to 90%
in developing countries), energy 15%, industry and manufacturing 5%
and the residential sector about 10%. In 2050 it is estimated that to-
tal freshwater withdrawals will rise by 55% mainly due to increases in
manufacturing (400%), thermal electricity generation (140%) and do-
mestic use (130%) [7]. Recent analysis suggests the world could face
a 40% shortfall between water demand and available freshwater sup-
ply by 2030. Many countries are already extracting groundwater faster
than it can be replenished (Mexico by 20%, China by 25%, and India
by 56%). If current trends continue, by 2030 two-thirds of the world's
population may be living in areas of high water stress [34] (up from
about 40% in 2010).

In the US about half of all freshwater withdrawals are used for
power plant cooling. The predicted increase in energy demand by
40% using current energy systems could translate to an increase in
freshwater access needs by about 165% [34]. Concerns for water con-
straints, has led the Electric Reliability Council of Texas (ERCOT)
to verify new power plant water rights before including them in their
planning models [24]. In India 79% of new energy capacity is ex-
pected to be built in areas that already face water scarcity or water
stress with coal remaining a key resource (71 coal plants have been
planned in the highly water stressed region of the Vidarbha). In South
Africa, a new coal power station is expected to divert 2.9 million
liters of water an hour from the nearby Vaal river away from cur-
rent agriculture and residential use. Under the National Water Act, the

1 International Energy Agency (IEA), International Institute for Applied Systems
Analysis (IIASA), Intergovernmental Panel on Climate Change (IPCC), Energy
Technology Systems Analysis Program (ETSAP) TIMES Integrated Assessment
Model (TIAM), World Energy Technology Outlook (WETO), World Energy
Council (WEC)
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main utility, Eskom, is classified as a strategic water user and is guar-
anteed a supply of water despite competing users from other sectors
[27]. In Spain adjusting the energy system to adapt to possible future
water constraints is estimated to increase planned investment and op-
eration costs of the energy system by upto 0.4%. However, ignoring
future water scarcity is estimated to lead to increased costs of upto 8%
as a result of reduced options and non-served energy in certain river
basins [35].

Ignoring water constraints in energy planning can lead to several
energy pathways with severe impacts on future water resources which
may be diverted away from other key sectors such as the industrial,
agricultural and residential sectors. Integrated planning will be critical
to ensuring a more secure water and energy future.

2.2. Water sustainability of decarbonization and power sector
alternatives

Climate change impacts for global temperature increases of more
than 2 °C (before 2100 relative to the 1861–1900 levels) are pre-
dicted to have serious consequences including coastal city inunda-
tions, higher malnutrition rates from food production risks, exacer-
bated water scarcity in many regions, increased intensity of cyclones
and irreversible loss of biodiversity [36–38]. The Intergovernmental
Panel on Climate Change (IPCC), in its fifth assessment report (AR5),
estimates that keeping global warming to less than 2 °C, will require
limiting cumulative anthropogenic CO2 emissions (since 1870) to be-
low about 2900 GtCO2. Measurements in 2011 showed that 1900
GtCO2 have already been emitted [36]. UN Framework Convention on
Climate Change (UNFCCC) estimates show that the implementation
of the Intended Nationally Determined Contributions (INDCs) after
the 2015 annual Conference of Parties (COP) will result in aggregate
cumulative CO2 emissions after 2011 of about 533 GtCO2 by 2025 and
739 GtCO2 by 2030 setting the world on a path to global warming of
roughly between 2.7 and 3.7 °C by the end of the century [39,40].

Recognition of these risks has led to increased efforts to mitigate
future warming by decreasing emissions, however, as pointed out by
Circle of Blue, “unless the U.S. plans more carefully, generating en-
ergy from more sustainable alternatives is almost certain to consume
much more water than the fossil fuels they are meant to replace” [34].
Carbon capture and storage (CCS) a favored tool to reduce carbon
emissions can increase water consumption at coal-fired utilities from
40 up to 90%. Similar concerns are raised over the water requirements
for concentrated solar thermal (CSP) plants. Thirty five CSP plants
were reported to be negotiating water rights with regulators in the Cal-
ifornia/Nevada desert in 2011 with one plant requesting 4.9 billion
liters or 20% of the water available in the local valley [34]. Other en-
ergy alternatives, such as shale gas expansion, are raising concerns
due to the volume of water needed and the potential for water con-
tamination during hydraulic fracking and gas production. A recent
study indicates that water availability could curtail shale development
in many places around the world, as nearly 38% of identified shale
resources are in areas that are either arid or under high to extremely
high levels of water stress (WRI, 2014) [27]. Public concern about the
potential environmental impacts of unconventional gas production, in
other countries such as Australia, Bulgaria, Canada and France, has
prompted additional regulation and, in some jurisdictions, temporary
bans on hydraulic fracturing [15]. In another example, the high water
consumption of coal-to-liquid (CTL) plants led to dozens of planned
CTL projects to be abandoned in China in 2008, due in part to con-
cerns that they would place heavy burdens on scare water resources.

In our search to secure future energy resources and simultaneously
limit carbon emission levels, water issues cannot be ignored. Inte-
grated water and energy models will allow for the water needs of fu-
ture energy strategies to be taken into consideration offering more
holistically sustainable pathways.

2.3. Biofuel expansion and overexploitation of water resources

In contrast to several available options in power generation, the
transport sector is dominated by oil. In 2010 the transport sector ac-
counted for about 19% of global energy supplies (2200 Mtoe2) of
which 96% came from oil, 1% from natural gas, 2% from biofuels
and 1% from electricity. By 2050, total transport fuel demands are
predicted to increase between30–82% with oil still supplying between
80% and 88%. Biofuels are expected to increase four fold (to about
176 Mtoe) reaching about 4.4% of total transport fuels while other al-
ternate fuels including electricity, hydrogen, and natural gas will in-
crease six to seven fold (to about 150 Mtoe) reaching between 3.2%
and 3.5% of total shares [41].

According to some estimates, producing 5% of total transport fuels
from biofuels in 2030 (about 165 Mtoe) could consume between 20%
and 100% of the total global agricultural water use [34], raising con-
cerns about the sustainability of the trade-offs in terms of both water
consumption and land use, as food crop fields are converted to grow
fuel. The IEA New Policies Scenario, estimates a three fold increase in
biofuels from 2010 to 2035 leading to increases in biofuel water with-
drawals from 25 bcm (4% of total 583 bcm in 2010) to 110 bcm (16%
of total 690 bcm in 2035) and consumption from 12 bcm (18% of to-
tal 65 bcm in 2010) to 50 bcm (40% of total 120 bcm in 2035) [15].
A study from Spain [42] shows that increasing biofuels in the Spanish
energy mix from 3% to 6% would lead to an increase of 25% in water
consumption by the energy sector. It is important to note that the im-
pacts of biofuels on water resources will depend heavily on the type of
crop used and whether the crop is rain-fed or irrigated. For example,
in Brazil, where most sugarcane is rain-fed, a liter of ethanol requires
only 90 liters of irrigation water while in India a liter of ethanol can
take up to 3500 liters of irrigation water [43].

While biofuels offer a low-carbon alternative to diversify the trans-
port sector which is heavily dependent on oil, the corresponding im-
pacts on water and land cannot be ignored. Integrating the water de-
mands of biofuel production into energy models will allow for a better
assessment of the where and to what extent such an alternative could
be feasible, without putting other sectors such as agriculture to risk.

2.4. Water and energy decoupling issues

In many regions, including the United States, freshwater with-
drawals are leveling off or peaking, leading to a concern for non-re-
newable sources like groundwater being exploited beyond sustainable
limits [24,44]. With groundwater pumping costs primarily constituting
energy consumption, energy subsidies and alternative energy sources
like solar PV pumps, which decouple pumping from energy can have
significant impacts.

In India, groundwater has been increasingly utilized since the
1970's. Lack of regulations on groundwater pumping limits has led to
an accelerated decline in water tables from 18 cm a year in the 1980's
to 75 cm a year in 2002–2006 [45]. Without regulation, energy costs
are the predominant constraints to water pumping and thus the over

2 Million of tonnes of oil equivalent (Mtoe).
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exploitation of non-renewable groundwater and corresponding in-
creases in salinity and arsenic levels become directly related to
over-subsidized electricity prices [46,47]. In other regions like Qatar,
abundant energy resources and energy access allow almost uncon-
strained pumping of non-renewable groundwater, with about 250 mil-
lion cubic meters (mcm) pumped in 2008 while recharge was only
50 mcm. Agriculture, accounting for the majority of groundwater use,
provides 15% of the domestic food demand. Unchecked, further wa-
ter table decreases and increasing salinity will increase dependency on
imports and decrease the resilience of the national food supply against
potential short, medium and long term supply disruptions [48]. Initia-
tives like the Sunflower Solar Steam and PV water pumps introduced
in Kenya, while providing farmers with increased access to invaluable
irrigation water by switching to automated pumps from the traditional
manual, diesel or petrol pumps, can have serious long term risks asso-
ciated with over-pumping if left unregulated [45].

While decoupling non-renewable groundwater pumping from en-
ergy constraints can lead to unsustainable practices, such an approach
can be beneficial in other contexts such as desalination or solar based
heating. Recognizing this opportunity, Saudi Arabia announced its ini-
tiative for solar water desalination in 2010, which aims to develop low
cost solar-based desalination technology to address future water secu-
rity. While desalination based on renewable energy may still be rela-
tively expensive, costs of heat production based on solar water heaters
are already competitive with electricity and gas-based heating in cer-
tain regions. In China, solar water heaters cost an estimated 3.5 times
less than electric and 2.6 times less than gas heaters over the sys-
tem lifetime. In 2012, gross energy savings from solar thermal energy
amounted to 284.7 terawatt-hours (TWh) [27].

Without looking at both the water and energy systems together,
new and cheaper technologies may prematurely seem to offer bene-
ficial solutions. However, an integrated assessment may demonstrate
that removing constraints as a result of improvements in one sector
may exacerbate certain problems in the other.

2.5. Alternative water sources and corresponding energy demands

In the quest to secure future water resources, planners and pol-
icy makers are considering several alternative water sources to sup-
plement traditional ground and surface water reserves, including de-
salination, water transfers, rainwater harvesting, improved efficiency
and reuse. Each alternative has corresponding cost and energy impli-
cations which can be substantial in some cases and must be considered
carefully.

Desalination and water transfers are the most energy intensive op-
tions. Desalination consumes from about 2 kwh/m3 to about 6 kwh/
m3 [49–52] depending on the level of salinity of the water being
processed. Worldwide, 52% of desalination capacity is in the Middle
East followed by North America (16%), Europe (13%), Asia (12%),
Africa (4%), Central America (3%) and Australia (0.3%). Across all
these regions, the forecast is for widespread growth in desalination
plants at between 12–20% annually with energy consumption being
the main barrier [34]. Energy consumption in water transfers is heav-
ily dependent on the pumping required to overcome net elevation
along the transfer path (a rough range from recorded values is between
1 kwh/m3 and 6 kwh/m3) [53,54,52]. Groundwater pumping consump-
tion will depend on the depth of the water table while surface wa-
ter abstractions again depend on pumping and percentages of grav-
ity fed flows. A study in California [55] analyzes the different op-
tions available to meet the state's future water demands. If energy
intensive technologies like desalinization are used, the water sector
could consume up to 52% of the state's entire energy budget in 2030

(up from 19% in 2009). The study shows that imported water would
consume only 22% to meet the same demand. Another study from
Southern California estimates the energy intensity of providing water
ranges from around 0.5 kwh/m3 for local sources and reclaimed waste-
water to around 3.5 kwh/m3 for desalinated seawater from reverse os-
mosis systems [34]. A study from Texas estimates that desalination
and long-haul transfer is nine to twenty three times more energy-inten-
sive per unit of water than conventional treatment of local surface wa-
ter sources [52]. In the MENA regions, ignoring the additional feed-
back of electricity demand from future water system needs can lead to
a 40% underestimate of electricity needs for 2050 [56].

Given the complex nature of abstracting and processing water and
the large part that energy plays in dictating operating costs of several
water processes it is essential to integrate and track energy consump-
tion throughout the lifecycle of the water system.

2.6. Hydroelectric vulnerability to climate change

One of the most direct links in the water-energy nexus is seen in
multi-purpose hydroelectric reservoirs. Changes in water availability
translate directly into changes in potential energy availability and elec-
tricity prices. The impacts of droughts and water availability are espe-
cially significant in regions with a high share of hydropower, as wit-
nessed in the 2007 record high electricity prices reached in Australia
as a result of the drought-caused hydroelectric generation constraints
[57]. The IEA reports several examples of the impacts of reduced wa-
ter on the hydroelectric system and the corresponding impacts on other
water and energy sources. In 2012 a delayed monsoon led to a simul-
taneous decrease in hydro generation and increased electricity demand
for pumping irrigation groundwater, resulting in a two-day blackout
and affecting over 600 million people. In 2011 in China, limited hydro
generation along the Yangtze river due to droughts led to higher coal
demand and prices [15]. In California, the share of hydropower in the
energy mix dropped to 9% in 2013 as compared to the 30-year average
of 14% as a result of prolonged drought conditions and leading to an
increased use of natural gas plants [27]. Integrated water-energy mod-
els allow the impacts of reduced hydro energy and increased prices to
be translated back into the water system. This is particularly relevant
for energy consumptive technologies such as desalination where one
study [57] finds a 12–18% increase in the operational costs of desali-
nation as a result of a 25% increase in electricity prices.

Another important opportunity related to hydroelectricity is the in-
creasing need for flexibility in energy systems to address higher pene-
trations of variable, non-dispatchable renewable energy technologies.
A study from 2015 [58] reviews the important role of pumped-storage
hydropower plants in addressing this issue by providing efficient stor-
age and operating reserve opportunities as well as the corresponding
economic impacts on ancillary service markets.

Integrated water and energy system models allow identifying and
understanding the impacts of reservoir storage changes beyond the di-
rect relationship with hydroelectric power potential. Changes in reser-
voir levels may impact several other users sharing the water resource
as well as other energy producers and consumers. An integrated model
will be able to track and evaluate the resulting complex feedbacks
across both sectors.

2.7. Water temperature constraints on energy production

An increasing number of nuclear plant shutdowns, due to water
shortages and temperature constraints, have been recorded across the
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globe [59–61] leading to possible increases in local electricity prices
[57]. During a heat wave across Europe in 2003, France was forced to
curtail a few of its nuclear reactors leading to an estimated mil-
lion increase in electricity imports [15]. In 2006 and 2007 as a result
of high temperatures, nuclear plants in Michigan, Illinois and Pennsyl-
vania were forced to reduce their outputs by up to 25% while in 2011,
the Tennessee Valley Authority had to shut down one of its three re-
actors at its Browns Ferry Nuclear Plant for several days [15,34]. This
has already led to proactive measures such as power plants seeking
amendments to water temperature related regulations as well as in-
creased investments in auxiliary cooling for discharges. The increase
in climate driven water temperatures can have a significant impact
on these plants with estimates showing possible capacity reductions
of up to 19% [62] in Europe and up to 8 [63] to 16% [62] in the
United States. There is thus a clear need for power providers to in-
clude climate change related impacts of water shortages and tempera-
ture changes.

Apart from the volumetric needs, integrating water quality and
temperature constraints into energy models can be essential in charac-
terizing the complete risks associated with changes in these parame-
ters. Such integrated assessments will allow planners to prepare appro-
priately.

2.8. System efficiency and cross-sector feedbacks

In addition to the supply of resources, climate change will also im-
pact consumption quantities and patterns including heating and cool-
ing requirements, agricultural productivity and industrial processes
[64]. Efficiency is the least resource intensive form of meeting fu-
ture demands [19] and improved integrated monitoring, reporting and
management can assist in achieving conservation of both water and
energy to offset investments in new infrastructure projects [65]. These
needs call for increased funding in data analysis and modeling to assist
incorporation of water efficiency into energy planning and energy ef-
ficiency into water planning [66]. In Arizona, water conservation mea-
sures are estimated to have the potential to reduce state-wide electric-
ity demand by 3% while energy-efficiency and renewable portfolios
may reduce non-agricultural water demand by up to 15% [67].

While electricity prices are strongly linked to demands, water has
traditionally been undervalued. With growing scarcity this can be
a serious issue leading to over-use and depletion of non-renewable
sources. A study from Arizona [67] shows that increasing the average
price of water to $3.20 per m3 can incentivize residential water sav-
ings of 190 million m3 (compared to 16 million m3 under the current
water price of $1.20 per m3). Spain, Italy and Greece are estimated to
have water cost recovery levels of around 50% [68].

The role of promoting efficiency becomes even more important
when we consider estimates showing the relative dominance of
changes in water demands over changes in water supplies as the dri-
vers of future water stress [69]. It highlights the role of efficiency poli-
cies in dramatically affecting future stress levels. The benefits in one
sector can be carried through to other sectors and integrated analysis
will allow the impacts of efficiency measures to be tracked and evalu-
ated through both water and energy systems.

2.9. Inter sector, regional and stakeholder issues

Increased demands for scarce shared resources are intensifying the
conflicts between different sectors, stakeholders and regions. In New
South Wales, Australia lack of integrated governance led to severe im-
pacts for downstream irrigators as a result of unchecked operations

by the Snowy Hydro Power Plant (accused of conserving water until
peak summer demand for higher electricity prices). The conflict led to
government investigations and recommendations to increase environ-
mental releases by 15% [70]. The challenges of prioritizing multi-sec-
tor demands and corresponding impacts on different segments of so-
ciety were seen in Oregon in 2011, when the Bonneville Power ad-
ministration declared a state of emergency to divert water reserved
for preserving salmon populations in the Columbia river for energy
production use [71]. The administration argued that it was necessary
to avoid rolling blackouts in the state while downstream local tribes
with treaty rights to the salmon protested the decision which led to
the highest number of salmon deaths ever recorded. Policies which at-
tempt to address emission reductions by biofuel substitutions need to
carefully evaluate possible consequences such as increased food crop
prices, when scarce water and land resources are diverted from other
sectors such as agriculture [72]. A study in Uganda [73] discusses the
tradeoffs between local energy demands met with biofuels and the im-
pacts on deforestation. Given the scale of shared water resources these
tradeoffs extend across borders as witnessed in several examples in-
cluding the conflicts in Central Asia (where Southern Kazakhstan and
Uzbekistan need to reserve water for summer irrigation, while north-
ern Kyrgyzstan needs the water in the winter for electricity genera-
tion [73]), the Mekong River Commission conflicts in Southeast Asia
[45,74] and the Indus-Water Treaty between Pakistan and India [75].

Integration by definition brings together two or more different
components, inherently increasing the constraints and thereby offering
solutions which may often be poorer for the individual components,
but better for the overall system. This is frequently what is needed
in many conflict resolution situations and points to the importance
of integrated assessments as a formal process to guiding compromise
across sectors, regions and multiple stakeholders.

3. Barriers to achieving water and energy integration

While the need for integrated water and energy methods becomes
clearer, several challenges and barriers to achieving integration still
remain. Some of the key issues are summarized below and then dis-
cussed afterwards.

1. Traditionally independent and isolated sector management.
2. Distinct spatial, temporal and physical characteristics.
3. Complementary data availability requirements.
4. Degree of model aggregation and generalization.
5. Complexity of multi-purpose reservoir topology and management.
6. Collaboration of expertise and effort.
7. Tracking changes in infrastructure and technological characteris-

tics.
8. Uncertainty of energy and water futures

3.1. Traditionally independent and isolated sector management

“Traditionally, from the lowest level of governance to that of
federal regulation and oversight, water and energy resources have
been managed separately, with very little overlap between the two
domains” [66]. This attitude of an isolated approach to sector spe-
cific problems holds true across cultures and institutions including
businesses, government departments, ministries and research groups
[57,70,73]. Increased awareness has led to developments in integrated
assessment models however, the challenge remains to translate these
into national or state-level policy [76]. Over several decades, wa-
ter and energy departments have developed specializations, regula-
tory instruments, and policy frameworks suited to the management of
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their corresponding resources characterized by different temporal and
spatial scales as well as different stakeholders. As a result, there is of-
ten little or no incentive to initiate and pursue coordination or integra-
tion of policies across sectoral institutions [22]. Given that part of the
industry is driven by the very concept of scarcity [77] the need for col-
laborative policymaking between public decision makers, private ini-
tiatives and others is stressed to counter special interest groups' influ-
ence over development projects.

3.2. Distinct spatial, temporal and physical characteristics

The integration of water and energy management systems requires
the challenging task of harmonizing the spatial, temporal and physi-
cal differences between energy and water systems. Water is a unique
renewable natural resource that is irreplaceable and difficult to move,
while energy comes in a variety of forms, which may be easier and
cheaper to distribute over long distances, e.g. electricity over transmis-
sion networks. Water systems can broadly be divided into water re-
sources and water services. Water resources systems span over larger
areas with internationally shared rivers and aquifers, while water ser-
vices, comprising water treatment and delivery systems are usually
limited to smaller areas such as cities and municipalities. Energy in-
frastructure, including pipelines and the power grid, usually span the
entire nation or several nations. Regulation and governance of the two
resources also vary across the lifecycles from larger scale national/fed-
eral legislation at the resource and production levels to smaller scale
local governance at end-use and delivery levels [22]. Due to energy
resource transmutability and the implications of climate change, en-
ergy policy offers more scope for global change adaptation than water,
which remains a primarily local resource [78].

3.3. Complementary data availability requirements

Given the differences mentioned above, data collection across sec-
tors at common temporal and spatial scales is a big challenge. Sev-
eral studies point out to the need for finer site specific data as a ma-
jor impediment to comprehensive analysis [79,80]. The number of
studies on water consumption data in energy systems has been grow-
ing rapidly and poses another problem of uncertainty related to large
ranges of parameter values. Some papers [81,82] synthesize the differ-
ent studies into single documents. Other studies [83,84] also look at
the energy consumption in water systems which is particularly diffi-
cult to generalize and quantify due to the differences in water sources
(such as groundwater or surface freshwater), complexity of evaluat-
ing water quality (for different uses as well as salinity) and the ef-
ficiency of different water delivery systems [27]. Disaggregating the
energy sector by water-shed boundaries rather than national or state
level divisions is necessary to capture regional dependencies, since
current and future water availability metrics are usually restricted to
these boundaries [85]. A study by World Bank and IEA in 2015 [43]
identified 21 different possible indicators to track energy-water nexus
developments and found that data was either limited (only available
in some countries, not open to the public or available mainly through
self-reporting) or not available for all the indicators.

3.4. Degree of model aggregation and generalization

In addition to the need for more detailed and reliable data, an-
other challenge is to find an appropriate level of accuracy when mod-
eling each sector as aggregated representations. Refining simulations
to finer temporal resolutions can result in significantly higher restric-
tions from constraints, owing to the fact that aggregated average val

ues may neglect peaks [86]. An oversimplified modeling of the sys-
tem could jeopardize the validity of the obtained results, as it may not
capture some subtle cross-sector effects between the energy and wa-
ter systems. For instance, the degree of aggregation used to represent
the topology of hydro systems has a direct effect on the marginal wa-
ter and energy values. In the case of using a composite representation
of a whole river basin, it would not be possible to discriminate be-
tween the different marginal water values at each point of the hydro
chain depending on its relative location with respect to upstream and
downstream water sources (such as natural inflows at the reservoirs)
and uses (such as water withdrawals for irrigation). Therefore, the ge-
ographic, technological and policy detail of the system representation
needs to be carefully examined, weighing the required efforts to reach
a very detailed representation against the corresponding benefits de-
rived from such modeling.

3.5. Complexity of multi-purpose reservoir topology and management

Another key challenge in integrating the water and energy systems
is managing multi-use reservoirs. The management of and relation-
ship between hydroelectric power and water resources is critical for
water-energy models. However, it poses several challenges, having to
deal with multiple sectors, upstream and downstream cascading ef-
fects and opportunity costs of long-term multi-period water manage-
ment. Depending on the watershed topology, reservoirs may be built
with very large storage capacity and with only a few high-head plants
in the river or alternatively, a hydro system can comprise many small
dams and reservoirs needing coordination as a single system. A study
from 2004 [87] presents a comprehensive review of both determin-
istic and stochastic models for optimizing the operation of cascaded
multi-reservoir systems. In these models, apart from the operation of
the reservoirs, it is crucial to model carefully the relationship between
the output power, the water flow through the turbine, and the net head
which may be expressed as:

where P represents the output power, η is the is the overall efficiency
of the hydro plant (i.e. the product of the efficiencies of the turbine
and the generator), ρ is the water density, q is the water flow, g is the
acceleration of gravity, and h is the net head. Given the non-linear na-
ture of Eq. (1), several approaches can be found in the literature to deal
with this head dependency and is discussed further in Section 4.

Analyses can also include the topology of the reservoir system and
details on the flows upstream, downstream and in between reservoirs.
Alternatively, some models [88] use an aggregated representation of
the reservoir system. In such cases it is important to evaluate and
quantify the value of the information lost when aggregating the topol-
ogy. Apart from the amount of water withdrawn and returned at dif-
ferent points in the watershed, the changes in the quality of the water
being transferred should also be considered. Changes from period to
period should also be tracked in order to reflect the possible shifts in
future runoff patterns and demands as a result of demographic, eco-
nomic and climate changes.

3.6. Collaboration of expertise and research groups

The same difficulty of expanding sector-specific regulatory
regimes and independent governance structures to encompass multi-
ple sectors, is also present in the research and scientific community
(experts, modelers, researchers, etc.). Often, researchers from differ

(1)
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ent disciplines are focused on just a single sector, and may be us-
ing different assumptions, timescales, coding languages, etc. To over-
come this barrier, it is necessary to establish stronger connections
among these groups, facilitating the development of more unified,
inter-linked and integrated multi-sector assessments. In collaborative
efforts like the CLEWS framework, cross-checking, validating and
agreeing on common assumptions and frameworks can indeed be a big
challenge often requiring considerable time which may not be feasible
for certain policy making processes [89].

3.7. Tracking changes in infrastructure and technological
characteristics

Another challenge also related to data aquisition is evaluating the
sensitivity of models to different parameters and the consequences of
changes and inaccuracies in characterizations. As mentioned before
most data is limited and it is particularly difficult to track changes in
existing technology upgrades. An example is tracking shifts of power
plant cooling systems and the consequential changes in water with-
drawals versus consumption, efficiency and costs. Changes from open
loop cooling to closed-loop cooling decreases water withdrawals but
increases water consumptions. These tradeoffs can be considerable,
as shown in one study [90], with a three-fold increase in global wa-
ter consumption (from 2005 to 2050) from switching to close-loop
cooling systems and a fourfold increase when combined with carbon
capture processes. Shifting from once-through systems to closed-loop
cooling can decrease power plant efficiency by around 3%. In the
case of dry-cooling, power plants can consume 90% less water com-
pared to closed loop cooling towers but costs can increase by up to
16%. Efficiency of dry cooling systems can be around 10% less than
once through cooling [43,91]. The nexus impacts of similar changes
in other sectors such as traditional to drip irrigation technologies and
residential sector energy efficient technology changes need to be eval-
uated.

3.8. Uncertainty of energy and water futures

In addition to the uncertainty, gaps and large ranges found in exist-
ing data sets, planners are faced with additional challenges of dealing
with a wide spectrum of possible futures. Different socio-economic
pathways characterized by: demographics; human development; econ-
omy and lifestyle; policies and institutions; technology; environment;
and natural resources are closely linked with several future climate
change scenarios which both influence and are influenced by each
other [10]. The large number of possible scenarios requires complex
decision making in order to reach balanced evaluations of preferen-
tial policies and strategies. This leads to another challenge for mod-
elers and planners to create robust and dynamic solutions capable of
addressing a range of possible scenarios [92].

4. Integrated water and energy modeling

One of the earliest studies on integrating water into energy mod-
els, from 1979 [93], lays out some key pillars which still hold to-
day. These include regional disaggregation of the energy system to
watershed boundaries; synergies of cross-sector policies; flexibility in
end-user demands and technologies; water quality; and consideration
of stochasticity in contrast to deterministic solutions. Today, it is ac-
cepted that a system's performance cannot be optimized by optimiz-
ing the performance of its subsystems taken in isolation from one an-
other [94]. Integration of multiple sub-systems requires compatibil-
ity between them and it is important to identify the characteristics of

each. Several different modeling approaches exist including Com-
putable General Equilibrium (CGE) models, macro-econometric mod-
els, input-output models, agent-based models and partial equilibrium
methods. The methodologies can be broadly divided into macroeco-
nomic aggregated top-down approaches and disaggregated technol-
ogy based bottom-up approaches. Key differences between the meth-
ods relate to the characterization of technologies in bottom-up models
from a technical engineering viewpoint with associated performance
and costs, while top-down models evaluate the suitability of technolo-
gies based on the shares of a given input in intermediary consump-
tion, in the production function, and in labor, capital and other inputs
[95]. Furthermore, energy and water models can be linked via hard or
soft links. Hard-links require software and program code integration
while soft-links usually entail data sharing. The links can be two-way
or one-way at the cost of losing full feedback loops. Soft-linked mod-
els with two-way links can be very-resource intensive as a result of
the iterations needed to pass data back and forth in order to reach con-
vergence [96]. While soft-linked models can be highly disaggregated
and detailed in their representation of the individual sectors, feedback
loops are not necessarily closed and they are generally better suited
for policy evaluation rather than policy optimization. Potential issues
in model linking include differences in classifications (defining sec-
tors, technologies and users), harmonizing time and spatial resolu-
tions as well as compromising between optimization and simulation
approaches.

The review of the models in this paper however, is not focused on
the mathematical formulations but more so on the desired outputs, ob-
jectives and goals for which the models are being developed. Based
on the needs and problems identified in the previous sections several
models are discussed below in regards to the approaches they take in
addressing these issues. Particular attention is given to how the mod-
els treat and capture the synergies and tradeoffs between the water and
energy systems.

Several databases were used to search for different combinations
of the keywords “water”, “energy”, “nexus”, “integrated” and “sys-
tem”. Only studies and papers which discussed applications of inte-
grated water and energy modeling for resource planning were con-
sidered. The results were filtered to exclude papers which addressed
themes which were too specific, for example studies focusing on a in-
dividual processes [97–99] or those limited to particular technologies
[100,101].

Some of the earliest examples of integrated water and energy man-
agement stem from the direct relationship of energy production and
hydropower reservoir management. Multi-purpose reservoirs have al-
ways had to deal with managing water for energy production and other
uses. Popular techniques for long term hydropower generation sched-
uling are stochastic dynamic programming (SDP) [102] and stochas-
tic dual dynamic programming (SDDP) [103]. The use of one or an-
other technique depends mainly on the “size” of the hydro system un-
der study. The former is usually limited to reduced size hydro systems
with one or a few reservoirs [87] while the latter has been successfully
used for long-term generation scheduling of large size hydro and hy-
drothermal systems.

Additionally, the non-linear relationship of hydropower potential
with the net head from Eq. (1) poses several challenges. Some
methodologies represent the relationship by a family of curves that re-
late the output power with the water flow for a discrete number of
possible net heads [104]. The main difficulty with this method is the
need to know a priori the net-head value, which is a function of the
upstream reservoir level, the tail race elevation and the losses in the
penstock. This problem has been tackled by using an iterative proce-
dure to update the “power-flow” curves at each iteration taking into
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account the information contained in previous executions [105]. Other
approaches use mixed-integer linear programming [106,107] and
non-linear programming [108] to address this issue. An alternative to
using this direct relationship is to use an “energy-coefficient” repre-
senting the average ratio between the output power and the released
water flow from the reservoirs in the system being considered. His-
torical data can be used to estimate these “energy-coefficient” values
depending on the season of the year, and on the expected hydrological
conditions.

One study [109], uses an optimization model developed in GAMS
(General Algebraic Modeling System [110]) to manage the use of en-
ergy and water resources in the Aral Sea basin. The model considers
five reservoirs, three water sources, two water users and a downstream
release. More recently, another model [88] approaches the problem
by using an aggregated equivalent energy reservoir in a coupled wa-
ter-energy model for Spain and Portugal. The model studies the tem-
poral and volumetric impacts of increases in temperatures and precip-
itation on the energy demand, irrigation water demand and hydroelec-
tric-thermal coordination for future climate change scenarios. Both
models do not account for water consumption in the energy sector
nor the energy consumption in the water sector. In order to capture
cross-sector impacts of climate change and offer more management
capabilities the second paper [88] suggests several developments in-
cluding: adding power plant water cooling needs; spatial disaggrega-
tion of energy and water needs at the watershed level; and increasing
the power system time steps to hourly intervals.

As discussed in Sections 1 and 2 the various water-energy links
play out at all stages of the water and energy lifecycles. To address
these issues several models have been developed to include resource
use parameters into individual sector models to track the usage of the
corresponding resource.

The Center for Naval Analyses (CNA) published a paper [111] de-
scribing a new mixed-integer linear programming model of the power
sector accounting for water used by thermal cooling. The paper dis-
cusses four case studies in which the model is applied to China, India,
France and the US state of Texas. The main limitations of the model
as discussed in the paper itself are its small size and water accounting
methods. The small size means that the model represents a relatively
small aggregated area which does not capture regional variations. The
water accounting method is very simple and does not represent real
water resource distribution or availability. Together these two limita-
tions prevent the representation of water scarcity, the effects of climate
change and water competition with other sectors.

Another model, TIAM-FR [90,112], was developed at MINES
ParisTech by modifying the TIMES energy model. The model intro-
duces a detailed representation of power plant cooling needs by in-
cluding different water cooling systems as well as characteristics of
water quality. The model also includes constraints to control the al-
lowed water temperature increases around power plants. Water is con-
sidered an unlimited resource and the energy system is not limited by
any physical water constraints. The authors have addressed these is-
sues by including a representation of the water system to track energy
consumptions in another case study in the MENA regions [56].

The National Renewable Energy Laboratory (NREL) published a
paper [113] describing a new energy-nexus model which uses wa-
ter rights as a method to analyze the nexus. The model describes the
link between climate change, water and electricity systems using the
NREL Regional Energy Deployment System (ReEDS) with changes
in surface water projections using the Coupled Model Inter-Compari-
son Project 3 (CIMP3). As in the other models discussed, the energy
model, ReEDS, is modified to include thermal power plant cooling

water demands and constraints on water rights available to new gen-
eration capacity. In planning for future investments, water rights ac-
quisition is a one-time decision and the model assumes that with pur-
chased rights there will be no further constraints on physical water
availability. Thus the model does not reflect actual physical water
availability during operation. The main future development for the
model mentioned in the report is including physical representations of
the water resources.

A water-energy-climate model [114] was developed as a collabora-
tive effort of the Institute for Global Environmental Strategies (IGES)
and the International Institute for applied Systems Analysis (IIASA).
The model uses a modified version of IIASA's energy model MES-
SAGE. The modifications include additional inputs regarding sectoral
water demands, water resource availability based on climate change
predictions and water efficiencies of energy technologies. The model
is used to evaluate the impacts of water stress on energy systems in
India and Thailand. This model is also biased towards an energy sec-
tor representation and ignores the water system infrastructure and the
corresponding energy consumption and feedback loops.

Several other models have also been developed to track water
use in the energy sector [115,85,116,117]. A few studies look at
the broader links in water, energy and other economic sectors us-
ing methodologies like the open source Global Change Assessment
Model (GCAM), input-output analysis and lifecycle analysis
[81,118,70,119,120,6].

The SATIM (South African TIMES) model [121], was developed
by the World Bank in collaboration with the Energy Research Cen-
ter, at the University of Cape Town, for South Africa. Similar to the
TIAM-FR model, the TIMES Energy model is modified to include
water consumption parameters, however, without a representation of
the physical water system or constraints. An additional economy-wide
aspect is added to the model by linking it in an iterative manner with
the E-SAGE general equilibrium model. The impacts of water scarcity
are incorporated in the SATIM model as reduced energy demands to
reflect increased energy price estimations due to water scarcity effects.

Using the same approach of integrating sub-models iteratively, the
“Climate, Land, Energy and Water Strategies (CLEWS)” methodol-
ogy has been developed as a collaboration of several institutions in-
cluding KTH, FAO, IAEA, IIASA, SEI and UNDESA3 [122,123].
SEI models, WEAP (Water Evaluation And Planning System) and
LEAP (Long range Energy Alternatives Planning System) have been
bundled together with other software packages like AEZ and OSe-
MOSYS (The Open Source Energy Modeling System) to provide tools
like the “Climate, Land-use, Energy and Water strategies” (CLEWS)
methodologies and the WEAP/LEAP/OSeMOSYS nexus packages.
As stated by the developers [122], CLEWS is still not a fully inte-
grated tool and current work is focused on improving existing ap-
proaches by including finer geographical coverage, minimizing data
requirements, improving the temporal scope, representing multiple re-
sources and their inter-linkages. A similar bundled model with sev-
eral packages operating together in an iterative manner is the PRIMA
(Platform for Regional Integrated Modeling and Analysis) model
[124] developed at Pacific Northwest National Laboratory (PNNL).

3 Royal Institute of Technology (KTH), Food and Agriculture Organization
(FAO), International Atomic Energy Agency (IAEA), International Institute for
Applied Systems Analysis (IIASA), Stockholm Environment Institute (SEI), UN
Department for Economic and Social Affairs (UNDESA)
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A model [67] has been developed which represents both the energy
and water infrastructure and is applied to the US state of Arizona. The
model is used to evaluate the water and energy co-benefits of different
conservation policies for the year 2025 which meet the mandated re-
newables portfolio (15% of annual retail sales by renewables) and the
energy efficiency standards (22% of expected electricity demand with
increased energy efficiency from 2009). The energy system parame-
ters for water consumption and withdrawal are modeled per plant type.
The water system is modeled in detail with electricity consumption
data per reservoir for hydroelectric generation, per pumping station
for the Central Arizona Project and per well for groundwater pump-
ing. Electricity consumption data of water treatment and distribution is
taken from provider level estimates and for wastewater treatment the
data is taken per treatment facility. This representation of the system
allows for detailed accounting of both the water and energy consump-
tions. The model needs to link the water system to physical water con-
straints such as stream flows, groundwater levels and water tempera-
ture. These impacts are studied by the authors in another paper [63].

The Brookhaven National Laboratory developed a model by mod-
ifying the MARKAL/TIMES energy models developed by the IEA to
incorporate water consumption parameters. The model was used in an
integrated management case study for New York City [125] to deter-
mine the least cost energy path based on perfect foresight and life-cy-
cle costs of technologies. Water resources considered included sur-
rounding rivers, freshwater, saline water, groundwater and precipita-
tion. Energy and water systems were modeled for their whole lifecy-
cles from primary resource extraction, conversion & treatment, distri-
bution and finally waste management. Lifecycle accounting for both
energy and water in both systems was a key development in this
model. However, because of the small size of the case study the ability
of the model to handle certain issues was not demonstrated. There was
no competition for water resources in the system modeled since water
for power plant cooling was delivered from a separate source. Further-
more, the water availability was modeled for annual time periods and
thus could not capture seasonal variations.

A case study from 2016 [126] uses a fully coupled water-en-
ergy nexus model to study the impacts of groundwater constraints on
low-carbon electricity supply strategies in Saudi Arabia. The model
considers both energy and water supply, conversion and transmission.
The model is both spatially and temporally disaggregated and consid-
ers seasonality at the monthly level. It also tracks both energy con-
sumption in the water system as well as the water consumption in
the energy system. Since the case study was based in Saudi Arabia
with no hydroelectric power resources, the relationship between reser-
voirs storage and hydropower generation was not relevant, however
pumped storage was modeled. Demand side management was limited
because final energy and water technologies were not modeled and de-
mands outside the energy and water sector were taken exogenously.

Another interesting methodology is a non-linear model [127]
which shows the potential of an integrated power and water utility to
optimize the simultaneous delivery of electrical power demand as well
as a potable water demand. A study from 2013 [128] looks at the im-
pacts of future carbon and water prices on long-run electricity plan-
ning and conclude that the system will be more sensitive to carbon
prices than water prices. In a different approach a river basin-based
model [129] using surface water rights, is used to evaluate the re-
sponse of power plants to drought by simulating changes in reservoir
storage. The authors also analyze the impacts of employing different
power-plant cooling technologies in a different paper [130].

Another methodology is the Multi-Scale Integrated Analysis of
Societal and Ecosystem Metabolism (MuSIASEM) approach [131]
which uses several innovate concepts from Bioeconomics and Sys-
tems theory, such as the flow-fund model, multi-purpose grammars
and impredicative loop analysis. The methodology can be used to
track changes in flows and reserves or “funds” of resources across
multiple socio-economic sectors and include technological, economic,
social, demographic and ecological details. The methodology also ac-
counts for different spatial and temporal dimensions defined as hier-
archical levels. The methodology is very data intensive and has been
applied in a few case studies for in Mauritius, South Africa and the In-
dian state of Punjab.

In a review of existing nexus tools IRENA concludes [27] that
there is a need for some simpler tools with fewer data requirements
suitable for rapid assessments. Some tools which offer relatively faster
assessments are the simulation tools FORESEER [132] from the Uni-
versity of Cambridge and the WEF nexus tool from the Qatar Environ-
ment and Energy Research Institute (QEERI) [133]. These tools pro-
vide user-friendly online interfaces (for pre-prepared region specific
models) that allow exploring changes in energy, water, food and emis-
sion flows, for different user input scenarios and parameters.

In addition to the modeling tools discussed above it is also perti-
nent to mention the development of two, more general and qualitative,
nexus frameworks that address the larger context of the application of
nexus methodologies in practice. The UNECE report from 2015 [134]
on nexus assessments in transboundary basins stresses the importance
of diverse stakeholder participation, capacity building and knowledge
mobilization as key ingredients to uncovering benefits and opportu-
nities in sensitive transboundary basins. It uses three cases studies in
the Alazani/Ganykh, Sava River and Syr Darya basins to point out the
need for establishing strong institutional platforms to allow open dis-
cussion of solutions which may be unpopular in some sectors. It reit-
erates the need for better inter-sectoral communication and the impor-
tant role of developing and strengthening already existing economic
and governance instruments across sectors as key enablers of nexus
solutions. The second framework is the FAO methodology from 2014
[45] which recommends a two stage approach. The first step requires
establishing a project specific nexus context involving qualitative and
quantitative multi-stakeholder analysis to establish the baseline con-
ditions and specific multi-sector goals against which the second stage
policy or technological interventions can be measured. In the second
stage an innovative visualization tool, using color scales combined
with spider charts, is developed to assess the vulnerability of different
nexus areas (water, energy, food, capital and labor) and the sustain-
ability of each proposed intervention.

In summary, there have been several attempts to integrate wa-
ter and energy models, however, developments are still ongoing and
many challenges remain to be addressed. Among the models reviewed
there is a tendency to focus more on energy models with water sys-
tems being under-represented and physical water resources often ig-
nored. Recent developments [56,63,125,122,126] show that this trend
is changing. There is also a need to further develop the synchroniza-
tion of the spatial and temporal scales of water and energy systems as
well as linking reservoir levels to future hydro-energy potentials. Wa-
ter quality and temperature impacts on power plant cooling needs also
need to be better represented.

5. Recommendations list

Guided by the motivation presented in Section 1, the needs for in-
tegrated assessments from Section 2, the barriers presented in Section
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3 and the review of several contemporary models from Section 4, it is
attempted here to collect the variety of important issues identified and
compile them into a single list. The list is divided into two sub-cat-
egories: A. Individual sector issues to prepare models for integration
and B. Integration elements to ensure relevant links are made. Each
item is briefly discussed below summarizing the contents discussed
previously:

5.1. Individual sector

Addressing the following issues will help prepare the individual
energy and water system models for easier integration in the next
phase.

1. Lifecycle: resource consumption occurs throughout the lifecycle of
both the energy and water systems. It is important to track the entire
flow of the resources in order to avoid ignoring important upstream
or downstream details.

2. Multi Sector Demands: a particular purpose of developing inte-
grated models is to help resolve the conflicting demands between
multiple sectors for shared energy and water resources. Inclusion
of multi-sector demands means allowing the models to regulate re-
source allocations to various sectors depending on the policy con-
straints and objectives of the planners.

3. Demand side management: resource management alone may not
be sufficient to tackle the expected challenges. A large contribu-
tion to decreased emissions and demand will come from improving
efficiency. This can be done by providing alternative technology
options as well as using policies to change behavior. Future mod-
els should allow for an analysis of different resource delivery tech-
nologies options as well as policy constraints to limit inefficient be-
havior.

4. Nexus resource usage: in order to evaluate the impacts of changes
in one sector on the demands in the other it is essential to track the
use of each resource in the corresponding sector. This may be done
by the addition of a usage parameter per resource unit processed.

5. Water Quality: unlike electricity, different uses of water are of-
ten constrained by particular water quality and temperature regula-
tions. These regulations need to be modeled and tracked in order to
evaluate whether water at a particular region and time is actually
available for specific uses. Available water in the early stage of a
lifecycle may become unsuitable at a later stage downstream after
quality and temperature changes.

5.2. Integration modeling

This phase addresses the development of important links between
the energy and water systems which allow planners to evaluate trade-
offs and synergies, which would otherwise be missed.

6. Spatial Disaggregation and Synchronization: as mentioned before,
water and energy, infrastructure; governance; availability; and use
can vary considerably from small distributed village networks to
large scale inter-continental links. With current infrastructure, wa-
ter is relatively harder and more expensive to transport than en-
ergy. There is a need to represent the spatial disaggregation and
overlapping of both administrative and physical boundaries of the
energy and water systems.

7. Temporal Disaggregation and Synchronization: similar to spa-
tial disaggregation, water and energy, resource regeneration; ex-
traction; processing; delivery; and demands occur at a range of
timescales from instant delivery to several years of recharge. Re

newable energy intermittency as well as multi-year hydro re-
source management need to be modeled together and it is neces-
sary to synchronize the time steps used for both sectors.

8. Multiuse Reservoir Hydropower Potential: it is important to eval-
uate the impacts of water allocation decisions, climate change and
other policies on the reservoir levels and hydro-electric potential
of a region. This relationship becomes more critical for regions
with a high share of hydropower.

9. Water Constraints from Hydrological Model: in regions faced
with water scarcity it will be essential to model the regional im-
plications of water shortages. Linking the energy system to ac-
tual water constraints will allow optimal decisions in future en-
ergy technologies and siting.

10. Feedbacks: feedback responses from the inter-connected sectors
need to be tracked by proper linking of the models. As seen ear-
lier [56], feedbacks can lead to significant increases in overall de-
mands and need to be explicitly addressed in order to avoid un-
derestimating demands. This involves making outputs from one
model into variable inputs into the corresponding model.

11. Global optimum: for models intended to seek optimal and effi-
cient solutions reaching a global optimum in both sectors will be
essential for maximizing efficiency. Weak and one-way links may
lead to optimal solutions in a single sector, with negative conse-
quences for the other.

12. Marginal Resource Values: temporal and spatial distribution of
marginal values of water and energy will be essential for identify-
ing critical areas and constraints.

13. Water Temperature Impacts on Power Plant Cooling: as discussed
before [62], water temperature impacts can considerably reduce
the power capacity of vulnerable power plants. These impacts
need to be explicitly modeled in order to avoid overestimations of
resources.

14. Multi-Objective Policy Constraints: policies in different sectors
can be synergetic or result in unwanted consequences. Models
should include outputs aimed to track and evaluate such policies
in order to identify inter-sector synergies or oppositions.

15. Synchronized Future Scenarios: given the range of different so-
cio-economic pathways and climate change scenarios, it is essen-
tial to harmonize the common data inputs and exogenous assump-
tions across both the sectors.

Several of the models reviewed were compared against the differ-
ent criteria discussed above, to get a sense of which water and energy
nexus areas have been addressed and which need more attention. As
mentioned before, several databases were used to search for combi-
nations of the keywords “water”, “energy”, “nexus”, “integrated” and
“system”. The results were further filtered to exclude studies that were
too specific or limited to particular processes or technologies. Only
studies with details regarding their modeling methodologies were in-
cluded in this analysis. The final selection of models analyzed in Table
1 was not intentionally biased towards any particular field or sector.
The relevance of the models to the different nexus integration areas,
was done using a simple three point scale which represents the sub-
jective view point of the authors. Furthermore, the scores are given
based solely on the material reviewed in the referenced papers for
each model. The models may address more or less areas in other pa-
pers. The comparison is meant only as a rough indication of which
areas are currently being addressed in connection with the water-en-
ergy nexus. The comparison of the models is shown in Table 1 and
Fig. 1. For each criterion, each model was given a score of between
0 and 2; 0 indicating the criterion is not addressed in the cited study;
1 meaning the study alludes to the issue but may not have addressed
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Water-energy integrated modeling areas addressed in selected papers.

Individual system Integrated System

Energy Water Harmonization Model Links Outputs Future impacts

Lifecycle

Multi-
sector
demands

Demand
side
management

Water
consumption Lifecycle

Multi-
sector
demands

Demand
side
management

Energy
consumption

Water
quality

Spatial
disaggregation

Temporal
disaggregation

Hydropower
potential

Hydrological
model
constraints

Feedback
tracking

Global
optimum

Marginal
resource
values

Wat
Temp
impacts
on
pplants

Multi-
objective
constraints

Synchronized
futures

Antipova
2002 [109]

0 2 0 0 0 2 1 0 0 2 2 2 1 0 1 1 0 1 1

Bartos 2014
[67]

2 2 2 2 1 2 2 2 0 2 1 2 0 2 2 2 0 2 2

Bhatt Wat-
MARKAL
2008 [125]

2 2 2 2 2 2 2 2 2 1 1 0 2 2 2 2 0 2 2

Bhattacharya
MESSAGE
2013 [114]

2 2 1 2 1 2 1 0 0 2 1 0 2 0 0 1 0 1 1

Buras 1979
[93]

2 2 0 2 0 2 1 0 1 2 1 0 2 0 1 1 0 2 1

Cameron
2014 [115]

2 2 2 2 0 0 0 0 1 0 0 0 0 0 0 1 0 1 1

CLEWS
[122,123]

2 2 2 2 2 2 2 1 1 2 2 2 2 1 1 1 0 2 2

CNA 2014
[111]

0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1

Hejazi 2014
[118]

2 2 2 2 0 2 2 0 0 0 0 0 0 0 1 2 0 1 1

NREL
ReEDS 2014
[113]

0 1 0 2 0 0 0 0 0 0 0 0 0 0 0 1 0 1 1

Parkinson
2016 [126]

2 2 0 2 2 2 0 2 2 2 2 1 2 2 2 2 0 2 2

Pereira-
Cardenal
2014 [88]

1 0 0 0 0 1 1 0 0 1 2 2 1 0 1 2 0 1 1

ReEDS 2012
[85]

0 1 1 2 0 0 0 0 0 2 0 0 0 0 0 0 0 1 1

SATIM 2013
[121]

2 2 2 2 0 0 0 0 0 0 0 0 0 0 0 1 0 1 1

TIAM-FR
2012
[90,112]

2 2 2 2 0 0 0 0 2 0 0 0 0 0 0 1 2 1 0

TIAM-FR
Wat 2013
[56]

2 2 2 2 2 2 2 2 2 0 0 0 2 2 2 1 2 2 2

Total 23 26 18 28 10 19 13 10 11 16 12 9 14 9 13 19 4 22 20
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Fig. 1. Water-energy integrated modeling areas addressed in selected papers.

the issue in the particular study reviewed; and 2 indicating that the
study has directly addressed the criterion.

As seen in Table 1 and Fig. 1, amongst the papers reviewed, there
is a bias to focus more on the energy sector. Many models which are
being developed for integrated analysis have included water consump-
tion in their energy models and are now capable of accounting for the
amount of water consumed by the energy sector. However, most mod-
els do not build further links of the energy model with temporal and
spatial physical water availability. Energy models unconstrained by
water limits cannot react to water shortages and may thus be inade-
quate for integrated analysis in critical situations.

The areas least addressed were: the representation of the full life-
cycle of the water systems and processes such as water abstraction,
purification and delivery; energy consumption parameters for the wa-
ter system; representing the dynamic relationship of hydropower po-
tential and other uses of water in multi-purpose reservoirs; complete
feedback links between the water and energy systems; water quality;
and the impacts of future water temperatures on expected power plant
capacity. Another area also needing attention was representing and al-
lowing more flexibility in water and energy end-use technologies in
order to represent demand-side management, a key area to improve ef-
ficiency.

6. Limitations and further work

While it was attempted to include a range of papers from the many
different areas and disciplines representing the water-energy nexus, it
is acknowledged that not all the issues have been covered here. While
it is clear that water and energy are highly interdependent, they also
have strong dynamic links with many other sectors including but not
limited to agriculture, land use, environment, climate change, indus-
try, politics and international relations. Depending on the detail re-
quired and resources available several other issues may be added to
the list presented in Section 5 as well as several other models and
papers included in the comparisons made in Table 1. Further work
can include identification of other secondary sectors related to the wa-
ter-energy nexus and extend the methodology by creating further links
between the relevant segments.

7. Conclusion

It is clear that water and energy are key interdependent resources
shared across sectors and regions. The issues of water and energy

shortage with increasing demands are predicted to escalate in the next
few decades and to avoid serious consequences action is needed now.
Traditional methods of managing water and energy systems inde-
pendently can lead to management decisions which are wasteful and
expensive. For optimal allocation of the resources and to maximize
co-benefits it is essential to consider water and energy as one interde-
pendent system. A popular approach to addressing the water-energy
nexus has been to take an already existing energy system and mod-
ify it to account for water consumption. This has led to several energy
models with water use parameters which calculate the amount of water
needed by the energy system for the period analyzed. However, few
models exist in which physical water availability is treated as a con-
straint to power production. Even fewer models include a representa-
tion of the water infrastructure system and corresponding energy use
in the water abstraction, treatment and distribution phases. The addi-
tion of energy use by the water system and the physical constraints of
water availability will be essential in capturing feedback implications
and realistic inter-sector dependencies of water-energy nexus systems.

Given the predictions for future climate change scenarios, popula-
tion increases and consumption trends there is an urgent need to de-
velop fully integrated applicable models which consider together, both
energy capacity and water resource availability constraints, as well as
water and energy demands. A key recommendation based on this lit-
erature review is the need to synchronize energy and water systems
to the appropriate resolutions both spatially and temporally. Given the
regional constraints and characteristics of water it is particularly im-
portant to disaggregate energy to watershed boundaries. Similarly, ig-
noring temporal variations can lead to misestimating resource avail-
ability during certain months as a result of averaging.

Other recommendations include the need to better evaluate and
track the flows of water quality, both physical and in terms of tem-
perature. It is important to relate possible water temperature changes
to future power plant capacity as the impacts can be significant. Fur-
thermore, degraded water quality passing through a process may be-
come unsuitable for downstream water users and this reduction needs
to be accounted for. It is important to capture the feedback processes
between the water and energy systems to account for important in-
creases in cross-sectors demands from investments in technologies
such as desalination or biofuels. Another key relationship to assess
is the link between potential hydropower capacity and water reserved
for other uses in multi-purpose reservoirs. This relationship becomes
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even more critical in the context of climate change and variations in
expected precipitation and runoff patterns.

It is important to realize that the institutions involved in water and
energy planning have developed independently over many decades
with complicated and intricate sector specific methodologies, instru-
ments and frameworks firmly in place. Given the large number of
stakeholders involved at all levels of society means the transforma-
tion from isolated single sector thinking to a joint integrated struc-
ture will require much more than simply linking models. Further re-
search and investigation will be crucial in documenting and provid-
ing the evidence needed to raise awareness of the changes required.
The real challenge will lie in translating these issues into political sys-
tems, regulations and governance. The increasing number of studies,
projects and events at international political forums, scientific insti-
tutions and multilateral organizations concerning sustainability, inte-
grated systems and holistic approaches is an encouraging indicator of
moving in the right direction. It is clear that integrated, holistic man-
agement approaches will be the key to sustain the kinds of lifestyle
patterns and population increases that are predicted in the face of di-
minishing natural resources and climate change.
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