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Abstract
Electricity and water systems are inextricably linked through water demands for energy generation,
and through energy demands for using, moving, and treating water and wastewater. Climate
change may stress these interdependencies, together referred to as the energy-water nexus, by
reducing water availability for hydropower generation and by increasing irrigation and electricity
demand for groundwater pumping, among other feedbacks. Further, many climate adaptation
measures to augment water supplies—such as water recycling and desalination—are
energy-intensive. However, water and electricity system climate vulnerabilities and adaptations are
often studied in isolation, without considering how multiple interactive risks may compound. This
paper reviews the fragmented literature and develops a generalized framework for understanding
these implications of climate change on the energy-water nexus. We apply this framework in a case
study to quantify end-century direct climate impacts on California’s water and electricity resources
and estimate the magnitude of the indirect cross-sectoral feedback of electricity demand from
various water adaptation strategies. Our results show that increased space cooling demand and
decreased hydropower generation are the most significant direct climate change impacts on
California’s electricity sector by end-century. In California’s water sector, climate change impacts
directly on surface water availability exceed demand changes, but have considerable uncertainty,
both in direction and magnitude. Additionally, we find that the energy demands of water sector
climate adaptations could significantly affect California’s future electricity system needs. If the
worst-case water shortage occurs under climate change, water-conserving adaptation measures can
provide large energy savings co-benefits, but other energy-intensive water adaptations may double
the direct impacts of climate change on the state’s electricity resource requirement. These results
highlight the value of coordinated adaptation planning between the energy and water sectors to
achieve mutually beneficial solutions for climate resilience.

1. Introduction

Water and energy5 systems worldwide are, by design
and necessity, interdependent: water is an input for

5 The terms ‘energy’ and ‘electricity’ are used interchangeably in
this analysis; for simplicity, only electricity is considered an energy
source for thewater cycle even though theremay be other fuels used
(such as diesel or natural gas) by certain water sector processes.

hydropower generation and thermal power plant
cooling, and electricity powers the conveyance, treat-
ment, usage, and disposal of water. These connec-
tions have commonly been referred to as the ‘energy-
water nexus’ [1–5]. Climate change and the resulting
shifts in the global hydrologic cycle [6, 7] may
strengthen or strain these nexus connections in new
and uncertain ways [8]. For example, temperature
and precipitation changes could simultaneously
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increase irrigation water demand and energy require-
ments for groundwater pumping, while reducing sur-
face water and hydropower availability [9, 10]. Fur-
ther, water sector adaptation measures commonly
sought during long-term declines in surface water,
such as water recycling, desalination, or groundwa-
ter recharge and withdrawal, are energy-intensive [4,
11–14]. Ignoring such interactive climate impacts in
planning reduces the reliability of both systems and
increases the risk of cascading failures [15–19].

Climate change impacts on the energy and water
sectors have been studied extensively, yet several gaps
remain in the literature. On the one hand, many
climate vulnerability studies evaluate risks to indi-
vidual sectors but have not holistically assessed com-
pounding climate risks, such as those inherent in the
dynamic relationship between closely coupled elec-
tricity and water systems [15, 19–21]. Typically these
analyses evaluate electricity [9, 22, 23] or water sys-
tems [24] in isolation assuming the other remains
fixed, or assess climate-related changes to supplies
or demands separately [9, 25–27], making it diffi-
cult to account for interdependent impacts within
and across sectors. On the other hand, many energy-
water ‘nexus’ studies—focused on demonstrating
how integrated systems’ management improves effi-
ciency, increases equitable resource access, and max-
imizes synergies [2]—characterize historical condi-
tions without climate change [28–30]. The cross-
sectoral tradeoffs of climate adaptation strategies,
such as the energy footprint of alternative water sup-
plies, are particularly understudied despite recog-
nition that ignoring such externalities could lead
to maladaptation, whereby one sector’s adaptation
strategies increase climate vulnerabilities in another
[29, 31, 32].

Given such complexity, a conceptual framework
describing key system linkages and dynamics is essen-
tial to guide analysis [33]. In the first half of this paper,
we integrate findings from the fragmented literat-
ure into a generalized framework that catalogues how
the relationship between electricity andwater systems
around the world may evolve under, and adapt to, cli-
mate change. This framework identifies themost crit-
ical cross-system climate impacts, adaptations, and
feedbacks, to guide long-term planners on what to
evaluate to comprehensively understand the scale and
uncertainties of climate risks and adaptations of their
resources. Because of regional variations in climate
and infrastructure, in the second half of this paper
we use a case study approach to apply the framework,
focusing on the state of California.

As a semi-arid, populous, and agriculturally-
intensive state, California’s electricity and water sys-
tems are inextricably linked. On average 9% of Cali-
fornia’s electricity consumption is from water con-
veyance, treatment of drinking and wastewater, and
agricultural pumping [30], and about 10% of elec-
tricity consumption is from water end-uses [34]. The

water sector is especially energy-intensive because of
inter-basin transfers between the wet Northern and
dry Southern regions [35]. Additionally, about 15%
of in-state electricity generation comes from hydro-
power [36,37]. California, considered one of themost
‘climate-challenged regions in North America,’ [38]
is projected to face temperature increases, more fre-
quent droughts, and significant loss of snowpack
(a major source of water storage) [39–41]. Recent
droughts foreshadow how the state’s energy-water
nexusmay fare under these impacts of climate change
[19]. California’s water sector’s drought responses
transferred and compounded vulnerability to its
electricity sector—increased groundwater pumping
spiked electricity consumption, while hydropower
deficits were replaced by greenhouse gas (GHG)-
emitting fossil generation [37, 42]. In addition, the
state has already seen several unprecedented climate-
related impacts to the electricity grid, such as the
August 2020West-wide heat wave that triggered Cali-
fornia’s rolling blackouts [43].

In our case study, we quantify climate impacts by
first synthesizing the range of individual water and
electricity supply and demand changes projected by
California-specific studies. Aggregating these projec-
tions, we estimate the overall change to the state’s
water and electricity annual resource balances due
directly to climate impacts and indirectly to various
potential climate adaptations by the end-century. We
find that in the electricity sector, increased electri-
city demand for air-conditioning is the primary con-
tributor to demand-supply imbalances. In the water
sector, California’s future water balance could span
a wide range of shortage or surplus under climate
change, driven mainly by large supply uncertainties.
In the event of the worst-case water shortage, our
results show that water-conserving adaptation meas-
ures provide large energy savings co-benefits, while
other energy-intensive water adaptations may double
the electricity resource imbalance caused by direct cli-
mate impacts alone. Through this analysis, we both
quantify the compounding climate risks and demon-
strate mutually beneficial adaptation opportunities
that could arise with increased energy-water cross-
sectoral coordination. We summarize the framework
in section 2, the California case study methodology
in section 3, and the case study results in sections 4
and 5.

2. Electricity-water nexus climate change
adaptation framework

One of the core objectives of water and energy
resource planners is to ensure adequate supplies
to balance forecasted demands (subject to envir-
onmental, economic, and other constraints) [44–
46]. Our framework (figure 1) thus distills findings
from across the literature on how climate change
may affect these key metrics of annual supply and
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Figure 1. Electricity-water nexus climate change adaptation framework. Changes in electricity supply and demand quantities
are denoted with solid orange links. Water quantity changes are denoted with solid blue links. Dotted lines indicate supply and
demand must balance. Impacts that increase (decrease) quantities have+ (−) and are green (red) if they decrease (increase) a
system’s demand-supply imbalance, i.e. difference or gap between demand and supply. Links with both+ and− indicate
disagreement in literature or multiple strategies with different effects (e.g. electrification increases while energy efficiency
decreases demand; both are electricity demand-side adaptations).

demand quantities, and subsequent resource bal-
ances, of regional energy and water systems (link-
ages L1 through L15). This framework provides a first-
order, system-level assessment tool to help resource
planners and researchers identify the largest potential
climate stressors, the range and order ofmagnitude of
climate adaptation measures that may be needed, the
possible compounding vulnerabilities due to cross-
sectoral feedback effects, and the key uncertainties
and knowledge gaps for further analysis.

The framework centers (grey box) on the
most relevant6 projected climate change impacts—
increased temperatures, reduced snowpack, earlier
snowmelt, changed precipitation patterns, and more
frequent extremes. Across future GHG emission
scenarios, global circulation models (GCMs) pro-
ject climate change will increase surface temperatures
worldwide [6]. Although there is uncertainty about
future precipitation [26, 47], wetter regions, such as
the northern high latitudes, are expected to become
wetter, while some drier regions, such as in the mid-
latitudes, may become drier [47–49]. Higher tem-
peratures will also shift precipitation towards rain,
while reducing accumulation and speeding melt of
snowpack, a natural slow-release reservoir that meets
warm-season water demands [27, 50–54]. In many
regions, the frequency and intensity of storms and

6 Because our focus is on long-term supply and demand balances,
we omit climate impacts such as wildfires that primarily affect
physical infrastructure and short-run reliability.

droughts will also increase [6, 55, 56]. These climate
impacts directly affect water supply (raw water avail-
ability, L1) and demand (irrigation water, L2), and
electricity supply (transmission and generation effi-
ciency, L3) and demand (air-conditioning, L4). There
are subsequent feedbacks, e.g. water supply shifts
(L1) affect electricity supply (hydropower generation,
L5 and thermoelectric cooling, L6). In response to a
resource imbalance, adaptation measures can reduce
water demands (L7) or augment water supplies (L9),
but may inadvertently affect electricity demand (L8,
L10) and adaptations (L13). Electricity adaptation
strategies can expand supply-side capacity (L11) and
either reduce consumption through energy efficiency
or increase consumption through electrification on
the demand-side (L12). Decarbonization of central-
ized electricity supply can reduce thermal power
plant cooling water demands (L14), and decentral-
ized solar generation can power irrigation pumps
and small-scale desalination to expand access to
water supplies (L15). Population growth, urbaniza-
tion, and policy changes also affect energy and water
systems.

In the framework diagram, changes in electri-
city supply and demand quantities due to climate
impacts are denoted with solid orange linkages and
water quantity changes are denoted with solid blue
linkages. Dotted lines indicate supply and demand
must balance in each system. Linkages that increase
(decrease) quantities have+ (−) and are green (red)
if they decrease (increase) a system’s demand-supply
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imbalance, i.e. difference or gap between demand
and supply. Linkages with both + and − indic-
ate disagreement in literature or multiple strategies
with different effects (e.g. electrification increases
while energy efficiency decreases demand; both are
electricity demand-side adaptations). These link-
ages are reviewed below, with more details in the
Supplemental Information (SI) (available online at
https://stacks.iop.org/ERL/15/124065/mmedia).

2.1. Linkages L1—L6: climate impacts on water and
electricity supply and demand
Studies typically use GCM data and a hydrological
model to simulate unimpaired runoff, which feeds
into a water resource management model to estim-
ate impacts of changes in raw water availability, the
water supply of a managed system (L1) [24, 57]. Such
analyses find climate change will reduce or increase
raw water availability primarily following the effect
of regionally heterogenous precipitation patterns on
runoff [26, 47–49], but results diverge due to GCM
and hydrological model uncertainty [26, 47, 49]. For
half the world’s population dependent on snowpack
for cold-season water storage [50], raw water availab-
ility may decline if snowmelt timing shifts and reser-
voirs cannot store earlier inflows that coincide with
the flood season, when empty reservoir spacemust be
maintained [27, 39, 51–53, 58–60].

Water demand for irrigated agriculture comprises
85% of global water consumption [27]. In many
regions, climate change is projected to raise temper-
atures, decrease precipitation, and increase evapo-
transpiration (ET) [59], together affecting soil mois-
ture and increasing irrigation water demand (L2)
[25, 49, 61–63]. However, factors such as ET dif-
fer across hydrological models, GCMs, and obser-
vational data [47, 64]. For example, some studies
account for increased atmospheric CO2 causing plant
stomata to reduce transpiration, thereby decreasing
irrigation water demand [64–67]. Others contend
that increased CO2 fertilizes photosynthesis [63, 65],
which could have an offsetting effect of speeding crop
growth, enabling multiple plantings, and increasing
annual irrigation requirements.

In the electricity sector, climate change could
directly reduce supplies through increased transmis-
sion line losses and decreased generator efficiencies
(L3). Resistive transmission losses increase as higher
ambient temperatures lower radiative cooling of lines
[9, 23, 68–70], requiring additional electricity gener-
ation to compensate [69, 71]. Higher ambient tem-
peratures also lower both thermoelectric [23, 72, 73]
and solar generating efficiencies [72, 74]; wind gener-
ation impacts are uncertain [9, 22, 23, 72].

Higher temperatures will raise electricity demand
(L4) through more frequent usage (intensive
effect) and new adoption (extensive effect) of air-
conditioning [75–78]. In some regions, increases
in demand may be partially offset by reduced

heating, but demand is still projected to rise annu-
ally [9, 75, 78] and most significantly during summer
peak times [71, 79, 80]. Electricity demand growth
is especially pronounced in regions with both rising
temperatures and incomes [76, 81].

Lastly, climate change affects electricity supply—
hydropower (L5) and thermoelectric generation
(L6)—through feedbacks of water supply changes
(L1). Hydropower generation will change primarily
according to raw water availability [9, 22, 23, 82, 83],
and based on snowmelt dependence [9, 22, 50].
Hydropower reservoirs relying on snowpack storage
[84, 85] and those with flood control objectives may
have reduced summer and annual generation due to
earlier snowmelt [9, 86], although larger reservoirs
have greater operational flexibility and less sensitivity
to these impacts [57, 85]. Meanwhile, with poten-
tially reduced raw water availability and higher water
temperatures, generation from thermoelectric plants
relying on cooling water may decline [9, 22, 87–89].
The impact depends largely on the climate sensitivity
of the cooling technology (once-through and recircu-
lating) and water source (surface, groundwater, sea-
water, wastewater) [4, 83]. Dry-cooling systems use
no water and are not sensitive to these water-related
climate impacts, but because they are less effective
at heat rejection compared to wet-cooling systems,
switching to dry-cooling could reduce a thermo-
electric generator’s overall efficiency performance
by 2%–7% [4, 90].

2.2. Linkages L7—L15: climate adaptations for
water and electricity and their feedbacks
Traditional water supply management approaches,
such as construction of reservoir storage or convey-
ance infrastructure, may be limited in the future by
over-allocated rivers, social and ecological impacts,
and costs [25, 91–94]. A combination of strategies
reducing water demand (L7) and augmenting sup-
plies with non-traditional sources (L9) may there-
fore be needed to adapt to climate-driven water
imbalances [25, 95]. Urban demand-side adaptations
include indoor savings from high-efficiency appli-
ances, conservation, and leak repair [92, 96, 97];
and outdoor savings from drought-tolerant plants,
reduced planted area, and optimized irrigation [96].
Agricultural demand-side adaptations include integ-
rated crop water management (reducing evaporative
soil moisture loss) [98, 99], irrigation efficiency [100]
(although potentially reducing return flows basin-
wide [101]), crop-switching, [102–104] and land fal-
lowing [91]. Groundwater banking, water recycling,
and desalination are common supply-side adapta-
tions[105]. Groundwater banking or recharge pro-
grams artificially infiltrate surface water (including
flood or stormwater [91, 105]) into aquifers for with-
drawal in dry years [106]. Treated wastewater can be
reused for irrigation, or recycled further for potable

4

https://stacks.iop.org/ERL/15/124065/mmedia


Environ. Res. Lett. 15 (2020) 124065 J K Szinai et al

use [92, 93, 97, 105]. Desalination treats seawa-
ter (35 000–45 000 ppm salinity) or brackish water
(1500–15 000 ppm salinity) to drinking water quality
(<500 ppm salinity) [4, 107].

These water sector adaptations have varying
energy intensities (energy consumption per unit
volume of water). Both urban and agricultural
demand-side strategies save energy upstream by
avoiding water supply and conveyance (L8) [13].
Urban conservation further avoids energy from
drinking water and wastewater treatment[97] and
from water heating [92]. Conversely, supply-side
water adaptations from unconventional sources tend
to increase energy demand (L10) [108]. Ground-
water banking programs require pumping to with-
draw water from storage [11]. Water recycling uses
advanced treatment to reach potable quality and
pumps treated water into the distribution system
(direct potable reuse) or into groundwater or reser-
voir storage (indirect potable reuse) [13, 93, 109].
Desalination, most commonly from reverse osmosis,
is the most energy-intensive adaptation; by some
estimates seawater desalination uses 25x more energy
than groundwater pumping[4] and 2x more than
recycling [97]. However, the impact of this energy
consumption on the grid can be managed through
electric utility programs that shift the timing of
demand to coincide with renewable energy genera-
tion (L13) [4, 110].

Electricity sector adaptations, often primarily
motivated by climate change mitigation, include sup-
ply expansion and decarbonization (through utility-
scale renewable generation, storage, and transmission
capacity, as well as distributed generation, L11), and
demand management (energy efficiency, electrifica-
tion of end-uses such as transportation, and demand
response, L12). Supply-side strategies that transition
from thermal to non-water-intensive solar and wind
generation [111–113] decrease water demand for
cooling (L14) [90, 114]. Distributed, off-grid genera-
tion from solar PV can also power irrigation pumps to
expand access to surface or groundwater supplies and
drip or sprinkler irrigation (L15)[115–117]. Small-
scale, distributed solar-powered desalination has also
been deployed to augment water supplies in several
regions [4].

2.3. External factors: population growth,
urbanization, policy changes
Population growth, urbanization, and policy changes
also compound or offset climate impacts on energy
and water systems [19, 25, 108]. Population growth
increases resource demand [26, 118], but impacts
vary by density (urbanization). For example, if urban
population growth creates sprawl and encroaches
on agricultural lands, demand for more energy-
intensive urban water displaces irrigation water
demand [119]. Policy changes, such as regulations

limiting groundwater extraction, also affect a sys-
tem’s water supply portfolio and energy intensity
[108, 120]. For electricity systems, decarbonization
policies may increase reliance on climate-sensitive
hydropower resources [82, 83].

3. Methods and data: California case study

We apply our framework to California by: (1) syn-
thesizing the range of climate impacts on linkages
L1through L5 from existing studies (2) estimating the
subsequent aggregate effect of climate change directly
on both systems’ annual resource balances, and (3)
calculating energy consumption (L8, L10) tradeoffs of
different water adaptation strategies (L7, L9) in the
event of a worst-case water shortage.

We exclude changes to cooling water (L6 or
L14) because California already uses minimal fresh-
water,7 and must further reduce thermal genera-
tion (excepting small shares of biomass and solar
thermal) to meet its 2045, 100% carbon-free energy
goal [121, 122]. We also omit solar PV and wind
generation losses in L3 because of uncertain end-
century resources and nominal expected impacts
(solar capacity declines <2%) [72]. Subsequent ana-
lysis is planned for L11 through L13, L15, and external
factors8.

3.1. Synthesis of climate impacts on water and
electricity resource balances
We review literature quantifying climate change
impacts on California’s energy and water supplies
and demands, excluding analyses with limited geo-
graphic coverage (apart from irrigation and hydro-
power which are typically analyzed regionally), and
collect results from 18 studies for L1through L5.
For each linkage, we cull the maximum and min-
imum of annual percentage changes to resources
projected for end-century (2070–2100)9, charac-
terizing the combined uncertainty from different
methodologies, GCMs, and emissions scenarios
across studies (more details on studies in table S2).

7 In 2018, thermal power plants in California withdrew and con-
sumed approximately 0.02 Billion m3 of freshwater, comprising
0.02% of average annual water supplies[151].
8 Our analysis focuses on end-century climate impacts, however,
in the nearer term, California’s policies to electrify transportation,
from internal combustion to electric vehicles (EVs), and build-
ings, from natural gas to electric space and water heating, may
have a greater impact on increasing electricity demand than climate
change (L12). For example, one analysis for 2050 projects high levels
of building electrificationmay increase electricity demand asmuch
as 3x times as climate increases the demand for air-conditioning
[152]. However, given that end-century climate change impacts on
air-conditioning could be 2x higher than in mid-century [75, 145],
and the uncertainty of the future building stock and vehicle fleet by
the end-century study period, we have not included these effects in
our end-century analysis.
9 The end-century is the time period for which we found the most
studies across all the linkages. SI table S2 includes additional pro-
jections for mid-century where available, such as from [153–155].
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Table 1. Calculations for climate change impacts on California annual water and electricity resource balances. L1 and L2 are calculated
with 2002–2015 average urban and agricultural water balance data from the California Department of Water Resources [123] in Billion
cubic meters, Bm3. Electricity linkages are calculated with residential and commercial building (L4) and total (L3) 2001–2018 average
electricity consumption data from the California Energy Commission [124], and hydropower generation data (L5) averaged 2002–2018
from the Energy Information Administration [125] in terawatt-hours, TWh. Irrigation demand changes (L2) are calculated for the main
agricultural regions (Sacramento Valley (Sac), San Joaquin Valley (SJV), Tulare Lake (Tul)) and hydropower changes are calculated for
high- (>300 m) and low-elevation generators (L5).

Annual water supply changes Annual water demand changes

L1, Raw water availability ∆
[
Bm3

]
=(

Totalurbanandag.water, 53Bm3
)
∗ (%∆)

L2, Irrigation water demand∆
[
Bm3

]
=(

IrrigationdemandSac, 10Bm
3
)
∗ (%∆Sac ) +(

IrrigationdemandSJV, 9Bm
3
)
∗ (%∆SJV ) +(

IrrigationdemandTul., 14Bm
3
)
∗ (%∆Tul. )

Total change in annual water balance

Annual water balance∆
[
Bm3

]
= L1 − L2 :

Worst-case water balance∆
[
Bm3

]
=min(L1)−max(L2)

Best-case water balance∆
[
Bm3

]
=max(L1)−min(L2)

Annual electricity supply changes Annual electricity demand changes

L3, Supply impact of transmission losses∆[TWh] =
(Total elec. consumption, 278TWh) ∗ (%∆)
L5,Hydropower generation∆[TWh] =
(Hydrogenerationlow−elev., 11TWh) ∗ (%∆low−elev.) +(
Hydrogenerationhigh−elev., 20TWh

)
∗
(
%∆high−elev.

)
L4, Air-conditioning demand∆ [TWh] =
(Res.andcom.elec. consumption, 190TWh) ∗ (%∆)

Total change in annual electricity balance

Annual electricity balance∆[TWh] = (L3 + L5)− L4 :
Worst-case electricity balance∆[TWh] = (min(L3)+min(L5))−max(L4)
Best-case electricity balance∆[TWh] = (max(L3)+max(L5))−min(L4)

We standardize these ranges as absolute changes
in water and energy volumes, applying the climate
perturbation percentages to historical electricity and
water stocks10 (table 1 and S3). Finally, to calculate
the overall bounding ‘worst-case’ and ‘best-case’
range of climate impacts on annual state water and
energy balances, for each system the maximum of
demand changes are subtracted from the minimum
of supply changes, and the minimum of demand
changes are subtracted from the maximum of supply
changes, respectively. A resulting balance change that
is negative indicates shortage (demand exceeds sup-
ply), and a positive balance change indicates surplus
(supply exceeds demand). These sign conventions
and method of calculation are appropriate to bound
the systemwide worst-case and best-case because the
climate impacts on demand and supply are coincident
i.e. supply will decrease at the same time as demand
will increase and vice versa.

10 The literature we review projects average annual resource
changes due to climate change. Therefore, we apply the percentage
changes to average annual historical levels of water and electricity
supplies and demands. However, there is significant inter-annual
resource variability in the water sector (e.g. in a recent wet year,
2011, annual surface water supply in California was about twice
that of a drought year, 2015) [123]. Analysis of the impact of this
inter-annual variability on energy and water balances under cli-
mate change is an area for future research.

3.2. Climate adaptations for water shortages and
their energy tradeoffs
If the worst-case, upper end of the water short-
age calculated in section 3.1 is realized, significant
application of adaptation measures that either aug-
ment water supplies or reduce water demands may
be needed. We estimate the energy balance feed-
back (L8, L10) from residential water conservation,
agricultural water conservation, groundwater bank-
ing, water recycling for indirect potable reuse, and
desalination adaptation measures (L7, L9) that could
fill the maximum water shortage volume.

As shown in table 2, we first calculate the net
energy intensity

(
NEIi,j

)
of each adaptation meas-

ure, by summing the average energy intensities of
all processes required to implement the measure (i.e.
treatment, pumping, etc.) [126] as EIi, and subtract-
ing EIj, the energy intensity of the water source it
may replace because of climate impacts [105]. These
energy intensity values are averages across studies as
described in S3 [10, 11, 13, 30, 34, 108, 127–130,133–
137].

NEIi,j = EIi − EIj

where,
EIi = Energy intensity of adaptation i, sum-

ming energy intensities of all associated processes
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Table 3. Scenarios of water sector climate adaptations. In corner case scenarios, the water shortage volumeWSVi is equal to 100% of the
worst-case water shortage volume (18 Bm3) calculated in section 3.1. In portfolio scenarios,WSVi contributions of several measures
sum to address the worst-case water shortage. Water conservation and water recycling are capped at their limits,1.8 Bm3/year [96] and
6.7 Bm3/year [12, 13], respectively.

Corner case scenarios

WSVi filled
by adaptation
measures Portfolio scenarios

WSVi filled
by adaptation
measures

Corner case 1: Portfolio 1:
100% Residential water conser-
vation

18 Bm3 10% Residential water conserva-
tion

1.8 Bm3

18% Agricultural water conser-
vation

3.2 Bm3

18% Groundwater banking 3.2 Bm3

37%Water recycling for potable
reuse

6.7 Bm3

18% Desalination 3.2 Bm3

Corner case 2: Portfolio 2:
100% Agricultural water conser-
vation

18 Bm3 10% Residential water conserva-
tion

1.8 Bm3

37%Water recycling for potable
reuse

6.7 Bm3

53% Desalination 9.5 Bm3

Corner case 3: Portfolio 3:
100% Groundwater banking 18 Bm3 10% Residential water conserva-

tion
1.8 Bm3

90% Desalination 16.2 Bm3

Corner case 4: Portfolio 4:
100%Water recycling for pot-
able reuse

18 Bm3 37%Water recycling for potable
reuse

6.7 Bm3

63% Desalination 11.3 Bm3

Corner case 5:
100% Desalination 18 Bm3

in kWhm−3, {Residential water conservation, agri-
cultural water conservation, groundwater banking,
water recycling, desalination}.

EIj = Energy intensity of substituted water source
j in kWhm−3, j ∈ {local surface water, California
volume-weighted average water source, State Water
Project deliveries}.

For example, if climate change effectively reduces
deliveries via the energy-intensive State Water Pro-
ject (SWP) inter-basin transfer, theNEIi,j of an adapt-
ation measure is net of avoided SWP conveyance
energy. Because of uncertainties in where and how
much of each water source may be substituted, for
each adaptationwe test three EIj sensitivities that each
assume a single source of substituted water j—local
surface water (0.09 kWh m−3), a weighted average
of all California water supplies (0.32 kWh m−3), and
SWP deliveries (1.55 kWh m−3) (details in S3).

We then construct five corner case scenarios of
each individual adaptation measure addressing 100%
of the worst-case maximum water shortage volume,
and four portfolio scenarios, ranging from most
to least diversified, combining multiple measures
capped at their feasible volume limits (table 3). Port-
folio 1 caps residential (indoor plus outdoor) water
conservation at 1.8 Bm3/year [96] and water recycling

at 6.7 Bm3/year [12, 13] with the remaining short-
age equally satisfied by groundwater banking, agri-
cultural conservation, and desalination. Portfolios 2
through 4 cap residential conservation and recycling,
and desalination meets the remaining volume.

Finally, for each combination of adaptation scen-
ario s and substituted water source j, we calcu-
late the overall energy balance impact, EBs,j, as the
sum-product of the NEIi,j of included adaptation
measures from table 2 and associated water volumes
WSVi from table 3.

EBs,j =
n∑

i=1

(
NEIi,j

)
× (WSVi)

where,
NEIi,j = Net energy intensity for adaptation

measure i for substituted water source j in kWhm−3

WSVi = Water shortage volume filled by adapta-
tion measure i in m3, i ∈ {Residential water conser-
vation, agricultural water conservation, groundwater
banking, water recycling, desalination} and j ∈ {local
surface water, California volume-weighted average
water source, SWP deliveries}.
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Table 4. Range of end-century annual climate change impacts on California electricity and water systems. Details on all studies
referenced for each linkage are in SI table 6.

Linkage
End-century annual %∆ from
literature (−decrease/+increase) Ref.

Calculated end-century
annual absolute∆

Supply-side
L1, Raw water availability

−25% to+46% [57, 132, 133] −13 to+24 Billion m3

Demand-side
L2, Irrigation water demand

Sacramento Valley:−2% to
+31% San Joaquin Valley: 0%
to+7% Tulare Lake:+3% to
+7%

[60, 61, 102, 135,
136]

+0.2 to+5 Billion m3

Worst-case to best-case change in water balance (−shortage/+surplus) −18 to+24 Billion m3
Supply-side
L3, Transmission energy losses

−0.14% to 0% [69, 137] −0.4–0 TWh

L5, Hydropower generation Low elevation:−27% High
elevation:−20% to+14%

[83–85, 138–140] −7 to−0.2 TWh

Demand-side
L4, Air-conditioning demand

+3% to+18% [74, 141] +6 to+34 TWh

Worst-case to best-case change in electricity balance (−shortage/+surplus) −42 to−6 TWh

4. Case study results and discussion

For California’s water system, we find that by end-
century, climate change may cause an annual average
imbalance ranging from an 18 Bm3 shortage in the
worst-case to a 24 Bm3 surplus in the best-case
(table 4, figure 2(a)). This large range is dominated
by widely differing estimates (25% decrease to 46%
increase) of raw water availability (L1) [57, 131, 132].
Despite rich literature on California hydroclimatic
phenomena and on subsets of its water system
[12, 24, 39, 138] we find relatively little research
estimating changes in California’s total managed
water supply. Further, studies differ on the degree
to which any increased November through March
runoff under climate change could be captured for
water supplies, due to concurrent reservoir flood
control requirements [39, 57]. Increased irrigation
water demand (L2) contributes the remaining imbal-
ance; demands could decrease 2% or increase up
to 31% within California’s individual agricultural
regions [61, 62, 104, 139, 140]. The variation reflects
assumptions for ET and plant physiology [139], and
regional differences in the share of water-intensive
crops [61, 62].

In California’s electricity system, climate change
may create an annual imbalance ranging from a
shortage of 6 TWh in the best-case up to a shortage
of 42 TWh in the worst-case (table 4, figure 2(b)).
We find that higher electricity demand for air-
conditioning (L4) is the largest contributor (3%
increase to 18% increase) [75, 145], concurring
with prior work [71]. During summer months,
peak demand may increase more sharply (4% to
20% increase) than total annual demand [70, 145,
146]. The ranges reflect differences across studies
in GCMs, spatial resolution, and inclusion of both
extensive and intensive growth [75]. On the supply-
side, California’s annual average hydropower gen-
eration (L5) could decrease 27% or increase up to

14% by end-century, within individual high- and
low-elevation regions [84–86, 142–144]. Absolute
declines are greatest for high-elevation hydropower
(which contributes two-thirds of total average hydro-
power generation) and hot/dry GCM projections,
worsening with droughts11. Despite disparities in
annual estimates, studies agree seasonally—average
hydropower generation (and spill) is projected to
increase over winter and spring, and decrease up to
55% over summer, which may exacerbate grid reli-
ability planning challenges. Lastly, studies project a
nominal 0.1% increase in transmission resistive losses
(L3) [70, 141].

If climate change leads to water imbalances, our
analysis finds that a wide range of energy impacts
is possible from adaptations that meet the 18 Bm3

worst-case shortage. Figure 3 shows that the energy
balance (EBs,j) impacts of several adaptation scen-
arios (including corner cases and portfolios), are on
the same order of magnitude or even surpass direct
climate impacts on the energy system.

Among the adaptation corner case scenarios, con-
sistent with prior studies [96, 126, 147–149], we
find that strategies that rely strongly on conserva-
tion measures, particularly in urban areas, could sub-
stantially reduce energy requirements for water sec-
tor adaptation. Residential conservation saves the
most energy (about 80–110 TWh saved) by avoid-
ing energy-intensive end-uses, conveyance, and treat-
ment. Conversely, if the water shortage is met entirely
with desalinated water, the energy impact (20–50
TWh of additional demand) could exceed that of dir-
ect climate change induced shortages in the electri-
city sector, from hydropower generation, transmis-
sion losses, and air-conditioning combined.

11 For example, hydropower generation in 2015, the worst year
of the recent 2012–2016 drought, decreased to about 50% of
the 2002–2018 average level [36, 125]. Droughts are projected to
become more frequent in California under climate change [156].
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Figure 2. (a) End-century climate impacts on California annual water balance. (b) End-century climate impacts on California
annual electricity balance. The upper and lower ends of the bars for each linkage show the maximum and minimum calculated
absolute change as it affects the resource balance. The water and electricity shortage/surplus bars are respectively the sum of the
supply and demand component changes and represent the aggregate worst-case and best-case changes in resource balances.
Positive indicates surplus, negative indicates shortage.

Figure 3. Energy impacts of water adaptations compared to direct climate impacts on California electricity balance. Dotted
lines indicate the range of the annual electricity shortage from direct climate change impacts by the end-century in California
(from figure 2(b)). The panels on the right show the annual energy consumption or savings impacts of water adaptations to meet
the worst-case end-century water shortage in California. Corner cases meet the full water shortage with a single adaptation;
portfolios include combinations of measures, as indicated by the percentage share. RC= Residential conservation;
AC= Agricultural conservation; GW= Groundwater banking; Recylc=Water recycling for potable reuse; Desal= Desalination.
Colors indicate water sources replaced by adaptations. SWP= State Water Project. Positive indicates surplus, negative indicates
shortage.
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Diversified portfolios of both demand-side
and supply-side adaptations reduce overall energy
impacts, while also overcoming some of the physical
limits [4, 12, 13], infrastructure costs [92], pub-
lic opinion [97, 105], and water pricing [97]
implementation barriers that make relying on
corner cases unrealistic. For example, with a mix
of residential and agricultural conservation, ground-
water recharge, water recycling, and desalination, we
find that Portfolio 1’s energy impact (ranging from
18 TWh saved to 8 TWh of additional demand) could
completely or near completely offset direct climate
impacts on the energy imbalance. Conversely, energy
impacts increase with less diversified strategies rely-
ing primarily on supply-side measures [108]. Port-
folios 2, 3, and 4 nearly double the energy imbal-
ance, like the most energy-intensive corner cases,
because of their high shares of desalination and water
recycling.

We find that the source of water substituted by
an adaptation is nearly as important to the overall
energy impact as the energy demand to implement
the adaptation itself. All adaptation corner cases
except for desalination save energy when substitut-
ing energy-intensive SWP water (using the aver-
age energy intensity across delivery points), whereas
if a local or an ‘average’ water source is replaced,
groundwater banking, recycled water, and desalina-
tion would still create energy shortages. The most
diverse Portfolio 1 saves energy if replacing SWP
deliveries, while the replacement of average and
local surface water supplies still adds to the energy
shortage.

5. Summary and conclusions

Previous analyses have characterized either current
electricity and water system connections, or future
climate change vulnerabilities of individual system
components in isolation. This study unites these two
threads of literature and presents a generalized frame-
work which can guide resource managers on eval-
uating climate impacts on the energy-water nexus
for long-term planning. While this paper applies
the framework to the California context, the over-
all concept can be broadly used by planners and
researchers to conduct a first-order, aggregate assess-
ment of cross-sectoral climate vulnerabilities and
the tradeoffs among available adaptation technolo-
gies in regions with closely coupled electricity and
water systems. The importance of particular link-
ages will differ by region based on hydroclimatic con-
ditions and infrastructure. For example, generation
losses depend on the share of thermoelectric plants
that rely on cooling water, and water supply changes
dependon region-specific snowpack storage, ground-
water dependency, and reservoir operations. Fur-
ther, the ability to realize co-benefits and minimize
unintended energy impacts of water adaptations will

also depend on a number of physical, institutional,
environmental, and economic constraints[31] that
are important criteria for future study and decision-
making.

When applying this framework to California,
we find that the range of potential climate-driven
gaps between supply and demand are much larger
for the water system (spanning both shortage and
surplus) than the electricity system, reflecting large
water supply uncertainties by end-century. To better
support water and electricity planning efforts, sub-
sequent research can explore in more detail how pro-
jected hydroclimatic variability and change interacts
with the operations of constrained water infrastruc-
ture[22,24], especially in the nearer term, at more
refined geographic and temporal scales, and dur-
ing extreme events [68, 150]. For example, given
available data, our estimates of annual average cli-
mate change impacts on energy and water resources
in California potentially underestimate the severity
of demand-supply imbalances during the summer
months when several factors coincide (e.g. irrigation
demand increases, raw water decreases, hydropower
decreases, and air-conditioning increases).

Overall our findings imply that water sector
adaptations could significantly compound the direct
effect of climate change on the electricity system, sug-
gesting the need for grid planning to incorporate not
only direct impacts (such as future air-conditioning
growth and hydropower reductions), but to also
coordinate with water resource planners to prior-
itize energy considerations in decision-making and
to anticipate water sector adaptations in electricity
demand forecasts. Closer cross-sectoral adaptation
planning could enable jointly funded R&D, cus-
tomer incentives, and programs for water conserva-
tion, which would have the greatest mutual water and
energy saving benefits and help ensure reliable ser-
vices in both sectors. Climate change will bring new
and uncertain challenges to strongly interdependent
electricity and water systems. This analysis demon-
strates the substantial benefits of coordinated climate
adaptation planning between the electricity andwater
sectors to increase system resilience worldwide.
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[52] López-Moreno J I et al 2017 Different sensitivities of
snowpacks to warming in Mediterranean climate mountain
areas Environ. Res. Lett. 12 074006

[53] Beniston M 2003 Climatic Change in mountain regions: a
review of possible impacts Clim. Change 59 5–31

[54] Mankin J S, Viviroli D, Singh D, Hoekstra A Y and
Diffenbaugh N S 2015 The potential for snow to supply
human water demand in the present and future Environ.
Res. Lett. 10 114016

[55] Sillmann J, Kharin V V, Zwiers F W, Zhang X and
Bronaugh D 2013 Climate extremes indices in the CMIP5
multimodel ensemble: part 2. Future climate projections J.
Geophys. Res. 118 2473–93

[56] Sheffield J and Wood E F 2008 Projected changes in
drought occurrence under future global warming from
multi-model, multi-scenario, IPCC AR4 simulations Clim.
Dyn. 31 79–105

[57] Tanaka S K, Zhu T, Lund J R, Howitt R E, Jenkins MW,
Pulido M A, Tauber M, Ritzema R S and Ferreira I C 2006
Climate warming and water management adaptation for
California Clim. Change 76 361–87

[58] Mateus M C and Tullos D 2017 Reliability, sensitivity, and
vulnerability of reservoir operations under climate change
J. Water Resour. Plan. Manage. 143 04016085

[59] Anderson J, Chung F, Anderson M, Brekke L, Easton D,
Ejeta M, Peterson R and Snyder R 2008 Progress on
incorporating climate change into management of
California’s water resources Clim. Change 87 91–108

[60] Watts R J, Richter B D, Opperman J J and Bowmer K H
2011 Dam reoperation in an era of climate changeMar.
Freshwater Res. 62 321–7

[61] Joyce B A, Mehta V K, Purkey D R, Dale L L and
Hanemann M 2011 Modifying agricultural water
management to adapt to climate change in California’s
central valley Clim. Change 109 299–316

[62] Joyce B A, Mehta V K, Purkey D R, Dale L L and
Hanemann M 2009 Climate change impacts on water supply
and agricultural water management in California’s Western
San Joaquin Valley, and potential adaptation strategies
(available at: http://citeseerx.ist.psu.edu/viewdoc /
download?doi=10.1.1.444.673&rep=rep1&type=pdf)

[63] Wada Y et al 2015 Multimodel projections and
uncertainties of irrigation water demand under climate
change Geophys. Res. Lett. 40 4626–32

[64] Katul G G, Oren R, Manzoni S, Higgins C and Parlange M B
2012 Evapotranspiration: A process driving mass transport
and energy exchange in the soil-plant-atmosphere-climate
system Rev. Geophys. 50 RG3002

[65] Betts R A et al 2007 Projected increase in continental runoff
due to plant responses to increasing carbon dioxide Nature
448 1037–41

[66] Milly P C D and Dunne K A 2016 Potential
evapotranspiration and continental drying Nat. Clim.
Change 6 946–9

[67] Long S P, Ainsworth E A, Rogers A and Ort D R 2004
Rising atmospheric carbon dioxide: plants FACE the future
Annu. Rev. Plant Biol. 55 591–628

[68] Panteli M and Mancarella P 2015 Influence of extreme
weather and climate change on the resilience of power
systems: impacts and possible mitigation strategies Electr.
Power Syst. Res. 127 259–70

[69] Ward D M 2013 The effect of weather on grid systems and
the reliability of electricity supply Clim. Change
121 103–13

[70] Sathaye J A, Dale L L, Larsen P H, Fitts G A, Koy K, Lewis S
M and de Lucena A F P 2013 Estimating impacts of
warming temperatures on California’s electricity system
Glob. Environ. Change 23 499–511

[71] Steinberg D C, Mignone B K, Macknick J, Sun Y, Eurek K,
Badger A, Livneh B and Averyt K 2020 Decomposing
supply-side and demand-side impacts of climate change on
the US electricity system through 2050 Clim. Change
158 125–39

[72] Bartos M D and Chester M V 2015 Impacts of climate
change on electric power supply in the Western United
States Nat. Clim. Change 5 748–52

13

http://large.stanford.edu/courses/2012/ph240/spearrin1/docs/CEC-700-2005-011-SF.PDF
http://large.stanford.edu/courses/2012/ph240/spearrin1/docs/CEC-700-2005-011-SF.PDF
http://water.ca.gov/Programs/State-Water-Project
http://water.ca.gov/Programs/State-Water-Project
https://pacinst.org/wp-content/uploads/2018/07/pi_impacts_of_california_s_five-year__2012-2016_drought_on_hydroelectricity_generation.pdf
https://pacinst.org/wp-content/uploads/2018/07/pi_impacts_of_california_s_five-year__2012-2016_drought_on_hydroelectricity_generation.pdf
https://pacinst.org/wp-content/uploads/2018/07/pi_impacts_of_california_s_five-year__2012-2016_drought_on_hydroelectricity_generation.pdf
https://doi.org/10.1007/s11625-014-0269-1
https://doi.org/10.1007/s11625-014-0269-1
https://www.energy.ca.gov/sites/default/files/2019-11/Statewide_Reports-SUM-CCCA4-2018-013_Statewide_Summary_Report_ADA.pdf
https://www.energy.ca.gov/sites/default/files/2019-11/Statewide_Reports-SUM-CCCA4-2018-013_Statewide_Summary_Report_ADA.pdf
https://www.energy.ca.gov/sites/default/files/2019-11/Statewide_Reports-SUM-CCCA4-2018-013_Statewide_Summary_Report_ADA.pdf
https://doi.org/10.1073/pnas.0404500101
https://doi.org/10.1073/pnas.0404500101
https://cawaterlibrary.net/wp-content/uploads/2017/06/CA_Climate_Science_and_Data_Final_Release_June_2015.pdf
https://cawaterlibrary.net/wp-content/uploads/2017/06/CA_Climate_Science_and_Data_Final_Release_June_2015.pdf
https://cawaterlibrary.net/wp-content/uploads/2017/06/CA_Climate_Science_and_Data_Final_Release_June_2015.pdf
http://resources.ca.gov/docs/climate/safeguarding/update2018/safeguarding-california-plan-2018-update.pdf
http://resources.ca.gov/docs/climate/safeguarding/update2018/safeguarding-california-plan-2018-update.pdf
http://resources.ca.gov/docs/climate/safeguarding/update2018/safeguarding-california-plan-2018-update.pdf
https://doi.org/10.1016/j.scs.2016.09.004
https://doi.org/10.1016/j.scs.2016.09.004
>https://www.npr.org/2020/08/19/903910770/climate-change-lesson-from-californias-blackouts-prepare-for-extremes
>https://www.npr.org/2020/08/19/903910770/climate-change-lesson-from-californias-blackouts-prepare-for-extremes
>https://www.npr.org/2020/08/19/903910770/climate-change-lesson-from-californias-blackouts-prepare-for-extremes
https://doi.org/10.1016/0377-2217(94)00190-N
https://doi.org/10.1016/0377-2217(94)00190-N
https://doi.org/10.1016/j.rser.2014.02.003
https://doi.org/10.1016/j.rser.2014.02.003
https://doi.org/10.1007/978-3-319-44234-1_1
https://doi.org/10.5194/esd-4-129-2013
https://doi.org/10.5194/esd-4-129-2013
https://doi.org/10.1038/nature04312
https://doi.org/10.1038/nature04312
https://doi.org/10.1073/pnas.1222475110
https://doi.org/10.1073/pnas.1222475110
https://doi.org/10.1002/2016EF000514
https://doi.org/10.1002/2016EF000514
https://doi.org/10.1002/hyp.7128
https://doi.org/10.1002/hyp.7128
https://doi.org/10.1088/1748-9326/aa70cb
https://doi.org/10.1088/1748-9326/aa70cb
https://doi.org/10.1023/A:1024458411589
https://doi.org/10.1023/A:1024458411589
https://doi.org/10.1088/1748-9326/10/11/114016
https://doi.org/10.1088/1748-9326/10/11/114016
https://doi.org/10.1002/jgrd.50188
https://doi.org/10.1002/jgrd.50188
https://doi.org/10.1007/s00382-007-0340-z
https://doi.org/10.1007/s00382-007-0340-z
https://doi.org/10.1007/s10584-006-9079-5
https://doi.org/10.1007/s10584-006-9079-5
https://doi.org/10.1061/(ASCE)WR.1943-5452.0000742
https://doi.org/10.1061/(ASCE)WR.1943-5452.0000742
https://doi.org/10.1007/s10584-007-9353-1
https://doi.org/10.1007/s10584-007-9353-1
https://doi.org/10.1071/MF10047
https://doi.org/10.1071/MF10047
https://doi.org/10.1007/s10584-011-0335-y
https://doi.org/10.1007/s10584-011-0335-y
http://citeseerx.ist.psu.edu/viewdoc /download?doi=10.1.1.444.673&rep=rep1&type=pdf
http://citeseerx.ist.psu.edu/viewdoc /download?doi=10.1.1.444.673&rep=rep1&type=pdf
https://doi.org/10.1002/grl.50686
https://doi.org/10.1002/grl.50686
https://doi.org/10.1029/2011RG000366
https://doi.org/10.1029/2011RG000366
https://doi.org/10.1038/nature06045
https://doi.org/10.1038/nature06045
https://doi.org/10.1038/nclimate3046
https://doi.org/10.1038/nclimate3046
https://doi.org/10.1146/annurev.arplant.55.031903.141610
https://doi.org/10.1146/annurev.arplant.55.031903.141610
https://doi.org/10.1016/j.epsr.2015.06.012
https://doi.org/10.1016/j.epsr.2015.06.012
https://doi.org/10.1007/s10584-013-0916-z
https://doi.org/10.1007/s10584-013-0916-z
https://doi.org/10.1016/j.gloenvcha.2012.12.005
https://doi.org/10.1016/j.gloenvcha.2012.12.005
https://doi.org/10.1007/s10584-019-02506-6
https://doi.org/10.1007/s10584-019-02506-6
https://doi.org/10.1038/nclimate2648
https://doi.org/10.1038/nclimate2648


Environ. Res. Lett. 15 (2020) 124065 J K Szinai et al

[73] Ke X, Wu D, Rice J, Kintner-Meyer M and Lu N 2016
Quantifying impacts of heat waves on power grid operation
Appl. Energy 183 504–12

[74] Skoplaki E and Palyvos J A 2009 On the temperature
dependence of photovoltaic module electrical
performance: A review of efficiency/power correlations Sol.
Energy 83 614–24

[75] Auffhammer M 2018 Climate adaptive response estimation:
short and long run impacts of climate change on residential
electricity and natural gas consumption using big data
California’s Fourth Climate Change Assessment, California
Natural Resources Agency (available at:
https://www.energy.ca.gov/sites/default/
files/2019-11/Energy_CCCA4-EXT-2018-005_ADA.pdf)

[76] Davis L W and Gertler P J 2015 Contribution of air
conditioning adoption to future energy use under global
warming PNAS 112 5962–7

[77] Dowling P 2013 The impact of climate change
on the European energy system Energy Policy
60 406–17

[78] Eskeland G S and Mideksa T K 2010 Electricity demand in
a changing climateMitig. Adapt. Strateg. Glob. Change
15 877–97

[79] Auffhammer M, Baylis P and Hausman C H 2017 Climate
change is projected to have severe impacts on the frequency
and intensity of peak electricity demand across the United
States PNAS 114 1886–91

[80] Vine E 2012 Adaptation of California’s electricity sector to
climate change Clim. Change 111 75–99

[81] van Ruijven B J, De Cian E and Sue Wing I 2019
Amplification of future energy demand growth due to
climate change Nat. Commun. 10 2762

[82] Turner S W D, Hejazi M, Kim S H, Clarke L and Edmonds J
2017 Climate impacts on hydropower and consequences
for global electricity supply investment needs Energy
141 2081–90

[83] van Vliet M T H, Wiberg D, Leduc S and Riahi K 2016
Power-generation system vulnerability and adaptation to
changes in climate and water resources Nat. Clim. Change
6 375–80

[84] Madani K and Lund J R 2010 Estimated impacts of climate
warming on California’s high-elevation hydropower Clim.
Change 102 521–38

[85] Madani K, Guegan M and Uvo C B 2014 Climate change
impacts on high-elevation hydroelectricity in California J.
Hydrol. 510 153–63

[86] Vicuña S, Dracup J A and Dale L 2011 Climate change
impacts on two high-elevation hydropower systems in
California Clim. Change 109 151–69

[87] van Vliet M T H, Vögele S and Rübbelke D 2013 Water
constraints on European power supply under climate
change: impacts on electricity prices Environ. Res. Lett.
8 035010

[88] van Vliet M T H, Yearsley J R, Ludwig F, Vögele S,
Lettenmaier D P and Kabat P 2012 Vulnerability of US and
European electricity supply to climate change Nat. Clim.
Change 2 676

[89] Miara A, Macknick J E, Vörösmarty C J, Tidwell V C,
Newmark R and Fekete B 2017 Climate and water resource
change impacts and adaptation potential for US power
supply Nat. Clim. Change 7 793

[90] Macknick J, Newmark R, Heath G and Hallett K. C. 2012
Operational water consumption and withdrawal factors for
electricity generating technologies: a review of existing
literature Environ. Res. Lett. 7 045802

[91] Gleick P, Cooley H, Poole K and Osann E 2014 Issue Brief:
the Untapped Potential of California’s Water Supply:
efficiency, Reuse, and Stormwater Pacific Institute (available
at: https://pacinst.org/wp-content/uploads/
2014/06/ca-water-capstone-1.pdf)

[92] Cooley H, Phurisamban R and Gleick P 2019 The cost of
alternative urban water supply and efficiency options in
California Environ. Res. Commun. 1 042001

[93] Scruggs C E and Thomson B M 2017 Opportunities and
challenges for direct potable water reuse in arid inland
communities J. Water Resour. Plan. Manage.
143 04017064

[94] Gleick PH. 2010 Roadmap for sustainable water resources
in southwestern North America Proceedings of the
National Academy of Sciences 107 21300–21305.

[95] Gleick P H 2002 Water management: soft water paths
Nature 418 373–373

[96] Gleick P H et al 2003Waste not, want not: the potential for
urban water conservation in California Pacific Institute
(available at: https://pacinst.org/wp-content/uploads/2003/
11/waste_not_want_not_full_report.pdf)

[97] Grant S B et al 2012 Taking the ‘Waste’ out of ‘Wastewater’
for human water security and ecosystem sustainability
Science 337 681–6

[98] Mitchell J, Singh P N, Wallender WW, Munk D S,
Wroble J F, Horwath W R, Hogan P, Roy R and Hanson B R
2012 No-tillage and high-residue practices reduce soil
water evaporation Calif. Agric. 66 55–61

[99] Jägermeyr J, Gerten D, Schaphoff S, Heinke J, Lucht W and
Rockström J 2016 Integrated crop water management
might sustainably halve the global food gap Environ. Res.
Lett. 11 025002

[100] Jägermeyr J, Gerten D, Heinke J, Schaphoff S, KummuM
and Lucht W 2015 Water savings potentials of irrigation
systems: global simulation of processes and linkages
Hydrol. Earth Syst. Sci. 19 3073–91

[101] Ward F A and Pulido-Velazquez M 2008 Water
conservation in irrigation can increase water use PNAS
105 18215–20

[102] Davis K F, Seveso A, Rulli M C and D’Odorico P 2017
Water savings of crop redistribution in the United States
Water 9 83

[103] Davis K F, Rulli M C, Seveso A and D’Odorico P 2017
Increased food production and reduced water use through
optimized crop distribution Nat. Geosci. 10 919

[104] Mehta V K, Haden V R, Joyce B A, Purkey D R and
Jackson L E 2013 Irrigation demand and supply, given
projections of climate and land-use change, in Yolo
County, California Agric. Water Manage.
117 70–82

[105] Hering J G, Waite T D, Luthy R G, Drewes J E and
Sedlak D L 2013 A changing framework for urban water
systems Environ. Sci. Technol. 47 10721–6

[106] Scanlon B R, Reedy R C, Faunt C C, Pool D and Uhlman K
2016 Enhancing drought resilience with conjunctive use
and managed aquifer recharge in California and Arizona
Environ. Res. Lett. 11 035013

[107] Eltawil M A, Zhengming Z and Yuan L 2009 A review of
renewable energy technologies integrated with desalination
systems Renew. Sustain. Energy Rev. 13 2245–62

[108] Stokes-Draut J, Taptich M, Kavvada O and Horvath A 2017
Evaluating the electricity intensity of evolving water supply
mixes: the case of California’s water network Environ. Res.
Lett. 12 114005

[109] Sanders K T and Webber M E 2012 Evaluating the energy
consumed for water use in the United States Environ. Res.
Lett. 7 034034

[110] Aghajanzadeh A, Sohn M and Berger M 2019 Water-energy
considerations in California’s agricultural sector and
opportunities to provide flexibility to California’s grid
Lawrence Berkeley National Laboratory (https://eta-
publications.lbl.gov/sites/default/files/ag_water-
energy_final.pdf)

[111] Williams J H, DeBenedictis A, Ghanadan R, Mahone A,
Moore J, Morrow W R, Price S and Torn M S 2012 The
technology path to deep greenhouse gas emissions
cuts by 2050: the pivotal role of electricity Science
335 53–59

[112] Mileva A, Johnston J, Nelson J H and Kammen DM 2016
Power system balancing for deep decarbonization of the
electricity sector Appl. Energy 162 1001–9

14

https://doi.org/10.1016/j.apenergy.2016.08.188
https://doi.org/10.1016/j.apenergy.2016.08.188
https://doi.org/10.1016/j.solener.2008.10.008
https://doi.org/10.1016/j.solener.2008.10.008
https://www.energy.ca.gov/sites/default/files/2019-11/Energy_CCCA4-EXT-2018-005_ADA.pdf
https://www.energy.ca.gov/sites/default/files/2019-11/Energy_CCCA4-EXT-2018-005_ADA.pdf
https://doi.org/10.1073/pnas.1423558112
https://doi.org/10.1073/pnas.1423558112
https://doi.org/10.1016/j.enpol.2013.05.093
https://doi.org/10.1016/j.enpol.2013.05.093
https://doi.org/10.1007/s11027-010-9246-x
https://doi.org/10.1007/s11027-010-9246-x
https://doi.org/10.1073/pnas.1613193114
https://doi.org/10.1073/pnas.1613193114
https://doi.org/10.1007/s10584-011-0242-2
https://doi.org/10.1007/s10584-011-0242-2
https://doi.org/10.1038/s41467-019-10399-3
https://doi.org/10.1038/s41467-019-10399-3
https://doi.org/10.1016/j.energy.2017.11.089
https://doi.org/10.1016/j.energy.2017.11.089
https://doi.org/10.1038/nclimate2903
https://doi.org/10.1038/nclimate2903
https://doi.org/10.1007/s10584-009-9750-8
https://doi.org/10.1007/s10584-009-9750-8
https://doi.org/10.1016/j.jhydrol.2013.12.001
https://doi.org/10.1016/j.jhydrol.2013.12.001
https://doi.org/10.1007/s10584-011-0301-8
https://doi.org/10.1007/s10584-011-0301-8
https://doi.org/10.1088/1748-9326/8/3/035010
https://doi.org/10.1088/1748-9326/8/3/035010
https://doi.org/10.1038/nclimate1546
https://doi.org/10.1038/nclimate1546
https://doi.org/10.1038/nclimate3417
https://doi.org/10.1038/nclimate3417
https://doi.org/10.1088/1748-9326/7/4/045802
https://doi.org/10.1088/1748-9326/7/4/045802
https://pacinst.org/wp-content/uploads/2014/06/ca-water-capstone-1.pdf
https://pacinst.org/wp-content/uploads/2014/06/ca-water-capstone-1.pdf
https://doi.org/10.1088/2515-7620/ab22ca
https://doi.org/10.1088/2515-7620/ab22ca
https://doi.org/10.1061/(ASCE)WR.1943-5452.0000822
https://doi.org/10.1061/(ASCE)WR.1943-5452.0000822
https://doi.org/10.1073/pnas.1005473107
https://doi.org/10.1073/pnas.1005473107
https://doi.org/10.1038/418373a
https://doi.org/10.1038/418373a
https://pacinst.org/wp-content/uploads/2003/11/waste_not_want_not_full_report.pdf
https://pacinst.org/wp-content/uploads/2003/11/waste_not_want_not_full_report.pdf
https://doi.org/10.1126/science.1216852
https://doi.org/10.1126/science.1216852
https://doi.org/10.3733/ca.v066n02p55
https://doi.org/10.3733/ca.v066n02p55
https://doi.org/10.1088/1748-9326/11/2/025002
https://doi.org/10.1088/1748-9326/11/2/025002
https://doi.org/10.5194/hess-19-3073-2015
https://doi.org/10.5194/hess-19-3073-2015
https://doi.org/10.1073/pnas.0805554105
https://doi.org/10.1073/pnas.0805554105
https://doi.org/10.3390/w9020083
https://doi.org/10.3390/w9020083
https://doi.org/10.1038/s41561-017-0004-5
https://doi.org/10.1038/s41561-017-0004-5
https://doi.org/10.1016/j.agwat.2012.10.021
https://doi.org/10.1016/j.agwat.2012.10.021
https://doi.org/10.1021/es4007096
https://doi.org/10.1021/es4007096
https://doi.org/10.1088/1748-9326/11/3/035013
https://doi.org/10.1088/1748-9326/11/3/035013
https://doi.org/10.1016/j.rser.2009.06.011
https://doi.org/10.1016/j.rser.2009.06.011
https://doi.org/10.1088/1748-9326/aa8c86
https://doi.org/10.1088/1748-9326/aa8c86
https://doi.org/10.1088/1748-9326/7/3/034034
https://doi.org/10.1088/1748-9326/7/3/034034
https://eta-publications.lbl.gov/sites/default/files/ag_water-energy_final.pdf
https://eta-publications.lbl.gov/sites/default/files/ag_water-energy_final.pdf
https://eta-publications.lbl.gov/sites/default/files/ag_water-energy_final.pdf
https://doi.org/10.1126/science.1208365
https://doi.org/10.1126/science.1208365
https://doi.org/10.1016/j.apenergy.2015.10.180
https://doi.org/10.1016/j.apenergy.2015.10.180


Environ. Res. Lett. 15 (2020) 124065 J K Szinai et al

[113] Fürsch M, Hagspiel S, Jägemann C, Nagl S, Lindenberger D
and Tröster E 2013 The role of grid extensions in a
cost-efficient transformation of the European electricity
system until 2050 Appl. Energy 104 642–52

[114] Clemmer S, Rogers J, Sattler S, Macknick J and Mai T 2013
Modeling low-carbon US electricity futures to explore
impacts on national and regional water use Environ. Res.
Lett. 8 015004

[115] Hernandez R R et al 2019 Techno–ecological synergies of
solar energy for global sustainability Nat. Sustain.
2 560–8

[116] Agrawal S and Jain A 2019 Sustainable deployment of solar
irrigation pumps: key determinants and strategiesWIREs
Energy Environ. 8 e325

[117] Shah T, Rajan A, Rai G P, Verma S and Durga N 2018 Solar
pumps and South Asia’s energy-groundwater nexus:
exploring implications and reimagining its future Environ.
Res. Lett. 13 115003

[118] Vörösmarty C J, Green P, Salisbury J and Lammers R B
2000 Global water resources: vulnerability from
climate change and population growth Science
289 284–8

[119] Rayej M, Juricich R, Groves D and Yates D Scenarios of
future California water demand through 2050: growth and
climate changeWorld Environmental and Water Resources
Congress 2011 pp 4423–32

[120] California Department of Water Resources SGMA
Groundwater Management (available at:
http://water.ca.gov/Programs/Groundwater-
Management/SGMA-Groundwater-Management)

[121] Tidwell V C, Bailey M, Zemlick K M and Moreland B D
2016 Water supply as a constraint on transmission
expansion planning in the Western interconnection
Environ. Res. Lett. 11 124001

[122] Yates D, Meldrum J and Averyt K 2013 The influence of
future electricity mix alternatives on southwestern US
water resources Environ. Res. Lett. 8 045005

[123] Water Portfolios. California Department of Water Resources
Water Portfolios (available at: http://water.ca.gov/
Programs/California-Water-Plan/Water-Portfolios)

[124] California Energy Commission Electricity Consumption by
Entity database (available at: https://www.
ecdms.energy.ca.gov/elecbyutil.aspx)

[125] U S Energy Information Administration (EIA)—Open
Data. EIA Open Data (available at: https://www.eia.
gov/opendata/qb.php?category=902935)

[126] Spang E S, Holguin A J and Loge F J 2018 The estimated
impact of California’s urban water conservation mandate
on electricity consumption and greenhouse gas emissions
Environ. Res. Lett. 13 014016

[127] California Department of Water Resources 2013 California
Water Plan Update 2013 Volume 3 - Resource Management
Strategies (available at: https://water.ca.gov/-/media/DWR-
Website/Web-Pages/Programs/California-Water-
Plan/Water-Plan-Updates/Files/Update-2013/Water-Plan-
Update-2013-Volume-3.pdf)

[128] Burt C, Howes D and Wilson G 2003 California
Agricultural Water Electrical Energy Requirements California
Energy Commission (available at:
https://digitalcommons.calpoly.edu/cgi/
viewcontent.cgi?referer=www.google.com/&httpsredir
=1&article=1056&context=bae_fac)

[129] Cooley H and Wilkinson R 2012 Implications of Future
Water Supply Sources on Energy Demands (available at:
https://pacinst.org/wp-content/uploads/2012/
07/report19.pdf)

[130] Siddiqi A and Fletcher S 2015 Energy intensity of water
end-uses Curr. Sustain. Renew. Energy Rep. 2 25–31

[131] Herman J et al 2018 Advancing Hydro-Economic
Optimization to Identify Vulnerabilities and Adaptation
Opportunities in California’s Water System California’s
Fourth Climate Change Assessment, California Natural
Resources Agency (available at:

https://www.energy.ca.gov/sites/default/files/2019-
12/Water_CCCA4-CNRA-2018-016_ada.pdf)

[132] Zhu T, Jenkins MW and Lund J R 2005 Estimated impacts
of climate warming on California water availability under
twelve future climate scenarios JAWRA, J. Am. Water
Resour. Assoc. 41 1027–38

[133] GEI Consultants/Navigant Consulting 2010 Embedded
energy in water studies study 1: statewide and regional
water-energy relationship (available at: ftp://ftp.cpuc.
ca.gov/gopher-data/energy%20efficiency/Water
%20Studies%201/Study%201%20-%20FINAL.pdf)

[134] California Department of Water Resources 2015
Agricultural Land &Water Use Estimates, 1998-2015
(available at: http://water.ca.gov/Programs/Water-Use-
And-Efficiency/Land-And-Water-Use/Agricultural-Land-
And-Water-Use-Estimates)

[135] GEI Consultants/Navigant Consulting 2010 Embedded
energy in water studies study 2: water agency and function
component study and embedded energy-water load profiles
(available at: ftp://ftp.cpuc.ca.gov/gopher-
data/energy%20efficiency/Water%20Studies%202
/Study%202%20-%20FINAL.pdf)

[136] California Department of Water Resources 2010 Statewide
Irrigation Systems Methods Surveys (available at:
http://water.ca.gov/Programs/Water-Use-And-
Efficiency/Land-And-Water-Use/Statewide-Irrigation-
Systems-Methods-Surveys)

[137] California Energy Commission 2010 2009 California
Residential Appliance Saturation Study Volume 2 37 KEMA,
Inc. (http://web.archive.org/web/20190602112012/
https://www.energy.ca.gov/2010publications/CEC-200-
2010-004/CEC-200-2010-004-V2.PDF

[138] Vicuna S, Maurer E P, Joyce B, Dracup J A and Purkey D
2007 The sensitivity of California water resources to
climate change scenarios JAWRA, J. Am. Water Resour.
Assoc. 43 482–98

[139] Hopmans J W and Maurer E P 2008 Impact of Climate
Change on Irrigation Water Availability, Crop Water
Requirements and Soil Salinity in the SJV, CA. University of
California Water Resources Center (https://escholarship.
org/uc/item/0g21p5hs)

[140] Purkey D R, Joyce B, Vicuna S, Hanemann MW, Dale L L,
Yates D and Dracup J A 2008 Robust analysis of future
climate change impacts on water for agriculture and other
sectors: a case study in the Sacramento Valley Clim. Change
87 109–22

[141] Sathaye J et al 2012 Estimating Risk to California Energy
Infrastructure from Projected Climate Change (available at:
https://www.energy.ca.gov/2012publications/CEC-500-
2012-057/CEC-500-2012-057.pdf)

[142] Mehta V K, Rheinheimer D E, Yates D, Purkey D R,
Viers J H, Young C A and Mount J F 2011 Potential impacts
on hydrology and hydropower production under climate
warming of the Sierra Nevada J. Water Clim. Change
2 29–43

[143] Vicuna S, Leonardson R, Hanemann MW, Dale L L and
Dracup J A 2008 Climate change impacts on high elevation
hydropower generation in California’s Sierra Nevada: a case
study in the Upper American River Clim. Change
87 123–37

[144] Medellín-Azuara J, Harou J J, Olivares M A, Madani K,
Lund J R, Howitt R E, Tanaka S K, Jenkins MW and Zhu T
2008 Adaptability and adaptations of California’s water
supply system to dry climate warming Clim. Change
87 75–90

[145] Franco G and Sanstad A H 2008 Climate change and
electricity demand in California Clim. Change
87 139–51

[146] Miller N L, Hayhoe K, Jin J and Auffhammer M 2008
Climate, extreme heat, and electricity demand in California
J. Appl. Meteor. Climatol. 47 1834–44

[147] California Energy Commission (CEC) 2005 2005
Integrated Energy Policy Report (available at:

15

https://doi.org/10.1016/j.apenergy.2012.11.050
https://doi.org/10.1016/j.apenergy.2012.11.050
https://doi.org/10.1088/1748-9326/8/1/015004
https://doi.org/10.1088/1748-9326/8/1/015004
https://doi.org/10.1038/s41893-019-0309-z
https://doi.org/10.1038/s41893-019-0309-z
https://doi.org/10.1002/wene.325
https://doi.org/10.1002/wene.325
https://doi.org/10.1088/1748-9326/aae53f
https://doi.org/10.1088/1748-9326/aae53f
https://doi.org/10.1126/science.289.5477.284
https://doi.org/10.1126/science.289.5477.284
https://doi.org/10.1061/41173(414)460
http://water.ca.gov/Programs/Groundwater-Management/SGMA-Groundwater-Management
http://water.ca.gov/Programs/Groundwater-Management/SGMA-Groundwater-Management
https://doi.org/10.1088/1748-9326/11/12/124001
https://doi.org/10.1088/1748-9326/11/12/124001
https://doi.org/10.1088/1748-9326/8/4/045005
https://doi.org/10.1088/1748-9326/8/4/045005
http://water.ca.gov/Programs/California-Water-Plan/Water-Portfolios
http://water.ca.gov/Programs/California-Water-Plan/Water-Portfolios
https://www.ecdms.energy.ca.gov/elecbyutil.aspx
https://www.ecdms.energy.ca.gov/elecbyutil.aspx
https://www.eia.gov/opendata/qb.php?category=902935
https://www.eia.gov/opendata/qb.php?category=902935
https://doi.org/10.1088/1748-9326/aa9b89
https://doi.org/10.1088/1748-9326/aa9b89
https://water.ca.gov/-/media/DWR-Website/Web-Pages/Programs/California-Water-Plan/Water-Plan-Updates/Files/Update-2013/Water-Plan-Update-2013-Volume-3.pdf
https://water.ca.gov/-/media/DWR-Website/Web-Pages/Programs/California-Water-Plan/Water-Plan-Updates/Files/Update-2013/Water-Plan-Update-2013-Volume-3.pdf
https://water.ca.gov/-/media/DWR-Website/Web-Pages/Programs/California-Water-Plan/Water-Plan-Updates/Files/Update-2013/Water-Plan-Update-2013-Volume-3.pdf
https://water.ca.gov/-/media/DWR-Website/Web-Pages/Programs/California-Water-Plan/Water-Plan-Updates/Files/Update-2013/Water-Plan-Update-2013-Volume-3.pdf
https://digitalcommons.calpoly.edu/cgi/viewcontent.cgi?referer=www.google.com/&httpsredir=1&article=1056&context=bae_fac
https://digitalcommons.calpoly.edu/cgi/viewcontent.cgi?referer=www.google.com/&httpsredir=1&article=1056&context=bae_fac
https://digitalcommons.calpoly.edu/cgi/viewcontent.cgi?referer=www.google.com/&httpsredir=1&article=1056&context=bae_fac
https://pacinst.org/wp-content/uploads/2012/07/report19.pdf
https://pacinst.org/wp-content/uploads/2012/07/report19.pdf
https://doi.org/10.1007/s40518-014-0024-3
https://doi.org/10.1007/s40518-014-0024-3
https://www.energy.ca.gov/sites/default/files/2019-12/Water_CCCA4-CNRA-2018-016_ada.pdf
https://www.energy.ca.gov/sites/default/files/2019-12/Water_CCCA4-CNRA-2018-016_ada.pdf
https://doi.org/10.1111/j.1752-1688.2005.tb03783.x
https://doi.org/10.1111/j.1752-1688.2005.tb03783.x
ftp://ftp.cpuc.ca.gov/gopher-data/energy%20efficiency/Water%20Studies%201/Study%201%20-%20FINAL.pdf
ftp://ftp.cpuc.ca.gov/gopher-data/energy%20efficiency/Water%20Studies%201/Study%201%20-%20FINAL.pdf
ftp://ftp.cpuc.ca.gov/gopher-data/energy%20efficiency/Water%20Studies%201/Study%201%20-%20FINAL.pdf
http://water.ca.gov/Programs/Water-Use-And-Efficiency/Land-And-Water-Use/Agricultural-Land-And-Water-Use-Estimates
http://water.ca.gov/Programs/Water-Use-And-Efficiency/Land-And-Water-Use/Agricultural-Land-And-Water-Use-Estimates
http://water.ca.gov/Programs/Water-Use-And-Efficiency/Land-And-Water-Use/Agricultural-Land-And-Water-Use-Estimates
ftp://ftp.cpuc.ca.gov/gopher-data/energy%20efficiency/Water%20Studies%202/Study%202%20-%20FINAL.pdf
ftp://ftp.cpuc.ca.gov/gopher-data/energy%20efficiency/Water%20Studies%202/Study%202%20-%20FINAL.pdf
ftp://ftp.cpuc.ca.gov/gopher-data/energy%20efficiency/Water%20Studies%202/Study%202%20-%20FINAL.pdf
http://water.ca.gov/Programs/Water-Use-And-Efficiency/Land-And-Water-Use/Statewide-Irrigation-Systems-Methods-Surveys
http://water.ca.gov/Programs/Water-Use-And-Efficiency/Land-And-Water-Use/Statewide-Irrigation-Systems-Methods-Surveys
http://water.ca.gov/Programs/Water-Use-And-Efficiency/Land-And-Water-Use/Statewide-Irrigation-Systems-Methods-Surveys
http://web.archive.org/web/20190602112012/https://www.energy.ca.gov/2010publications/CEC-200-2010-004/CEC-200-2010-004-V2.PDF
http://web.archive.org/web/20190602112012/https://www.energy.ca.gov/2010publications/CEC-200-2010-004/CEC-200-2010-004-V2.PDF
http://web.archive.org/web/20190602112012/https://www.energy.ca.gov/2010publications/CEC-200-2010-004/CEC-200-2010-004-V2.PDF
https://doi.org/10.1111/j.1752-1688.2007.00038.x
https://doi.org/10.1111/j.1752-1688.2007.00038.x
https://escholarship.org/uc/item/0g21p5hs
https://escholarship.org/uc/item/0g21p5hs
https://doi.org/10.1007/s10584-007-9375-8
https://doi.org/10.1007/s10584-007-9375-8
https://www.energy.ca.gov/2012publications/CEC-500-2012-057/CEC-500-2012-057.pdf
https://www.energy.ca.gov/2012publications/CEC-500-2012-057/CEC-500-2012-057.pdf
https://doi.org/10.2166/wcc.2011.054
https://doi.org/10.2166/wcc.2011.054
https://doi.org/10.1007/s10584-007-9365-x
https://doi.org/10.1007/s10584-007-9365-x
https://doi.org/10.1007/s10584-007-9355-z
https://doi.org/10.1007/s10584-007-9355-z
https://doi.org/10.1007/s10584-007-9364-y
https://doi.org/10.1007/s10584-007-9364-y
https://doi.org/10.1175/2007JAMC1480.1
https://doi.org/10.1175/2007JAMC1480.1


Environ. Res. Lett. 15 (2020) 124065 J K Szinai et al

https://ww2.energy.ca.gov/2005publications/
CEC-100-2005-007/CEC-100-2005-007-CMF.PDF)

[148] Bartos M D and Chester M V 2014 The conservation
nexus: valuing interdependent water and energy savings in
Arizona Environ. Sci. Technol. 48 2139–49

[149] Porse E, Mika K B, Escriva-Bou A, Fournier E D, Sanders K
T, Spang E, Stokes-Draut J, Federico F, Gold M and Pincetl
S 2020 Energy use for urban water management by utilities
and households in Los Angeles Environ. Res. Commun.
2 015003

[150] Perera A T D, Nik V M, Chen D, Scartezzini J-L and Hong
T 2020 Quantifying the impacts of climate change and
extreme climate events on energy systems Nat. Energy
5 150–9

[151] EIA 2020 Electricity data browser - Plants for multiple
sectors, California, multiple fuel types EIA Electricity
Data Browser, Water Data (available at: https://www.
eia.gov/beta/electricity/data/browser/#/topic/1?)

[152] Mahone A et al 2018 Deep Decarbonization in a High
Renewables Future: updated Results from the California
PATHWAYS Model Energy and Environmental Economics

California Energy Commission (available at:
https://www.ethree.com/wp-content/uploads/2018/06/
Deep_Decarbonization_in_a_High_Renewables_
Future_CEC-500-2018-012-1.pdf)

[153] Sullivan P, Colman J and Kalendra E 2015 Predicting the
Response of Electricity Load to Climate Change National
Renewable Energy Laboratory (available at:
https://www.nrel.gov/docs/fy15osti/64297.pdf)

[154] Tarroja B, AghaKouchak A and Samuelsen S 2016
Quantifying climate change impacts on hydropower
generation and implications on electric grid
greenhouse gas emissions and operation Energy
111 295–305

[155] Boehlert B, Strzepek K M, Gebretsadik Y, Swanson R,
McCluskey A, Neumann J E, McFarland J and Martinich J
2016 Climate change impacts and greenhouse gas
mitigation effects on U.S. hydropower generation Appl.
Energy 183 1511–9

[156] Diffenbaugh N S, Swain D and Touma D 2015
Anthropogenic warming has increased drought risk in
California Proc. Natl Acad. Sci. 112 3931–3936

16

https://ww2.energy.ca.gov/2005publications/CEC-100-2005-007/CEC-100-2005-007-CMF.PDF
https://ww2.energy.ca.gov/2005publications/CEC-100-2005-007/CEC-100-2005-007-CMF.PDF
https://doi.org/10.1021/es4033343
https://doi.org/10.1021/es4033343
https://doi.org/10.1088/2515-7620/ab5e20
https://doi.org/10.1088/2515-7620/ab5e20
https://doi.org/10.1038/s41560-020-0558-0
https://doi.org/10.1038/s41560-020-0558-0
https://www.eia.gov/beta/electricity/data/browser/#/topic/1?
https://www.eia.gov/beta/electricity/data/browser/#/topic/1?
https://www.ethree.com/wp-content/uploads/2018/06/Deep_Decarbonization_in_a_High_Renewables_Future_CEC-500-2018-012-1.pdf
https://www.ethree.com/wp-content/uploads/2018/06/Deep_Decarbonization_in_a_High_Renewables_Future_CEC-500-2018-012-1.pdf
https://www.ethree.com/wp-content/uploads/2018/06/Deep_Decarbonization_in_a_High_Renewables_Future_CEC-500-2018-012-1.pdf
https://www.nrel.gov/docs/fy15osti/64297.pdf
https://doi.org/10.1016/j.energy.2016.05.131
https://doi.org/10.1016/j.energy.2016.05.131
https://doi.org/10.1016/j.apenergy.2016.09.054
https://doi.org/10.1016/j.apenergy.2016.09.054
https://doi.org/10.1073/pnas.1422385112
https://doi.org/10.1073/pnas.1422385112

	Evaluating cross-sectoral impacts of climate change and adaptations on the energy-water nexus: a framework and California case study
	1. Introduction
	2. Electricity-water nexus climate change adaptation framework
	2.1. Linkages L1—L6: climate impacts on water and electricity supply and demand
	2.2. Linkages L7—L15: climate adaptations for water and electricity and their feedbacks
	2.3. External factors: population growth, urbanization, policy changes

	3. Methods and data: California case study
	3.1. Synthesis of climate impacts on water and electricity resource balances
	3.2. Climate adaptations for water shortages and their energy tradeoffs

	4. Case study results and discussion
	5. Summary and conclusions
	Acknowledgments
	References


