Applied Energy 276 (2020) 115467

Contents lists available at ScienceDirect

Applied Energy

journal homepage: www.elsevier.com/locate/apenergy

Impact of climate change on water availability and its propagation through | M)

Check for

the Western U.S. power grid

Nathalie Voisin™”*, Ana Dyreson®, Tao Fu‘, Matt O'Connell, Sean W.D. Turner?, Tian Zhou",
Jordan Macknick®

2 Pacific Northwest National Laboratory, Seattle, WA, United States

Y University of Washington, Seattle, WA, United States

¢ National Renewable Energy Laboratory, Golden, CO, United States

d Pacific Northwest National Laboratory, Richland, WA, United States

HIGHLIGHTS

® Changes in water availability conditions in one region triggers a response in others.
® Northwest and Northern California water availability dictate regional power flows.
® The generation in the Desert Southwest alleviates water stress in other regions.

® Regional power flow directions are maintained under climate change conditions.

® Regional dependencies representation is critical to evaluate climate change impact.

ARTICLE INFO ABSTRACT

Keywords: Climate change is expected to affect the availability of water for electricity generation, yet the propagation of
Water-energy climate impacts across a large and diverse power grid remains unexplored. In this study, we evaluate how
Climate change projected changes in water availability affect electricity generation at hydroelectric and thermal power plants
Hydropower

and how the coincident impacts propagate locally and throughout the interconnected power grid of western
United States. We also evaluate whether the prospect of climate-driven change could affect regional power
dependencies. Hydrologic simulations derived from three Global Circulation Models (CCSM4, INMCM4, and
GFDL-CM3), two radiative scenarios (RCP4.5 and RCP8.5) and the VIC hydrology model are used to force a
large-scale, distributed water management model (MOSART-WM), which translates water availability into
power generation constraints at hydropower plants and water-dependent thermoelectric plants. Power system
dynamics are evaluated using the production cost model PLEXOS. We find that the interregional connections
across the contemporary Western U.S. electricity infrastructure play an essential role in managing variations in
regional generation due to hydrological variability. Projected WECC-scale changes in mean annual precipitation
ranging from —3.8% to +17% are moderated to —6% to +4% in mean annual production cost changes.
Climate change impacts on water availability in the Northwest drive future changes in other regions’ generation
and in regional power flows. Northwest total generation influences interannual variability in other regions’ net
generation, explaining about 40%, 50%, and 35% of the variability in Southwest, Rockies, and Southern
California regions respectively. The propagation of Northwest climate change impact throughout the grid is
exacerbated by the occurrence of dry years in Northern California. Generation from the Desert Southwest
emerges as a critical resource to compensate for variations in water availability, and generation, in these regions.
Though the regional power flow directions seem insensitive to long-term variations in water availability, our
analysis highlights the need to consider other compounding regional factors, such as changes in Southern
California’s net load and changes in regional fuel prices.
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1. Introduction

Electricity supply in the United States relies heavily on natural flows
of fresh water to fill reservoirs, drive hydroelectric turbines, and cool
thermoelectric plants, including coal, gas, and nuclear plants. More
than 90% of U.S. generating capacity depends on water [1]. Thermo-
electric plants—which account for 40% of the nation’s water with-
drawals [2]—supply most of nation’s electrical power, while hydro-
electric plants make up the bulk of generation in certain states (e.g.,
about two-thirds of generation in Washington State) and contribute
about 6% of U.S. electricity generation overall [1]. With climate change
projected to affect the spatial and temporal distribution of water re-
sources [3], a number of studies have established how changes in water
availability could affect the electricity sector. Focusing on the impact
on electricity supply, studies have evaluated the impacts of changing
climate on regional hydropower [4-9], and even globally [10]. Other
studies have focused on impacts to thermoelectric resources [11-14].
Few have evaluated both hydropower and existing thermoelectric
plants [4,15-19]. And fewer used a power grid model, limited to re-
gional applications, and assuming status quo on other’s regions opera-
tions [5,20-23].

Power grid operations consist of diverse generators (hydropower,
thermoelectric, wind, solar, combustion turbine, batteries) and trans-
mission line infrastructure managed to meet electricity demand with
security constraints for reliability purposes. Operational and planning
responsibilities are comanaged within subregions of the power grid.
These may be individual countries, or in the case of the United States,
groups of states or large spatial units referred to as reserve regions.
Because reserve regions are interconnected through the transmission
system, a drought in one region that affects the ability of generators to
produce energy does not necessarily imply there will be a lack of
electricity in that region. Generators in other regions can supply more
electricity to compensate [24]. To our knowledge, the science com-
munity has yet to evaluate the impact of future water availability on
both hydropower and thermoelectric plants, coincidently, while also
simulating the coordination of those resources by grid operations, and
across regions also impacted by climate change.

The objective of this analysis is to evaluate how climate change
impacts on water availability influence not only the regional electricity
supply, but also the indirect, secondary effects on extra-regional total
generation propagated through the contemporary power grid. We also
evaluate whether climate change could affect regional power de-
pendencies. The study is conducted on the Western U.S. power grid,
which is sensitive to climatic changes through its dependence on water-
dependent thermoelectric plants and hydropower dams [4,19,24,25].
We follow a top-down climate impact assessment framework, wherein
an ensemble of future climate and associated hydrologic simulations is
used to estimate hydropower and thermoelectric plant generation
capabilities, which then constrain simulations of the power grid dis-
patch conducted using a production cost model (Table 1). The model
represents the generation and transmission operations within the 2010
Western U.S. power grid. We evaluate the grid-scale changes in op-
erations and extend the analytics with regional power flows exploring
the interregional dependencies. The novelty of this work lies in its use
of power system models to represent complex regional and inter-re-
gional dynamics associated with a network of technologies across the
power grid. We produce an ensemble of 100 yearlong hourly power
system operations to support new analytics of power system operations
under climate change. Findings are expected to guide further research
in energy-water long-term planning by identifying the scales at which
climate change impacts on water availability should be considered to
provide appropriate guidance for investments to maintain system re-
liability under future conditions.
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2. Domain, models and analytical approach

We leverage previous climate change impact assessment studies
linking climate, hydrology and river routing water management
models. We extend those previous experiments with a bulk electricity
operations model (Table 1).

2.1. Domain

The Western U.S. power grid is managed by the Western Electricity
Coordinating Council, which is herein referred to as the WECC. The
WECC extends from the Pacific Ocean to the Rocky Mountains. It spans
more than 4.7 million square kilometers and encompasses territory
across 14 states, 2 Canadian provinces, and northern Baja, Mexico
(Fig. 1). The WECC envelopes the hydrologic regions of the Columbia,
Sacramento, San Joaquin, and Colorado Rivers, the Great Basin hy-
drologic region, as well as the headwaters of the Missouri, Arkansas-
Red, and Rio Grande Rivers and the Gulf hydrologic regions (Fig. 1
upper panel). Inter-basin water transfers are present between and
within Southern Colorado and California hydrologic regions. Fig. 1
(lower panel) also presents the Western United States as energy reserve
regions as defined in Table 55 of the WECC 2024 Common Case [45].
The electricity demand within each of those regions must be met ac-
cording to security constraints and typically using within-region gen-
erators before relying on interregional transfers. Overall, about a
quarter of WECC generation comes from hydropower and just over 40%
comes from thermoelectric plants [1].

Reliability studies and transmission planning for the WECC are
needed at the grid scale, while socioeconomic decision-making and
governance is conducted at a sub-regional scale [7,22,47]. We therefore
perform our analysis at both the WECC scale and for the six reserve
regions, rather than hydrologic regions or states.

2.2. Climate and hydrology datasets for historical and projected future
conditions

2.2.1. Climate datasets

We leverage historical and future climate projections from the
Coupled Model Inter-comparison Project Phase 5 (CMIP5) [26]. The
ensemble of climate projections available under CMIP5 includes a
combination of general circulation models (GCMs) and representative
concentration pathways (RCPs) which may be interpreted as plausible
emission scenarios and boundary conditions to the GCMs. Though the
entire ensemble of GCMs and RCPs does not reflect the full climate
change uncertainty, it is common practice to adopt a representative
subset to evaluate the sensitivity of potential changes. Because of
computational requirements from the production cost model, we limit
the analysis to six climate change conditions based on three GCMs
(CCSM4, INMCM4 and GFDM-CM3) and two RCPs (RCP4.5 and
RCP8.5). While the downscaled data sets [31] are available for 1950
until 2004 for the historical period and for 2005 to 2095 for the future
period, we define the historical period as 1981-2010 and the future
period as 2036-2065 to represent the 2050 s. Table 2 shows the range
of future 2050 s climate projections aggregated over the Western United
States relative to our historical period. Projections agree on a warming
trend, ranging from 0.8 °C to 2.3 °C under mitigation scenario RCP4.5
and from 1.5 °C to 2.8 °C under RCP8.5, a scenario of comparatively
high greenhouse gas emissions. Precipitation projections tend to be less
consistent across atmospheric models, ranging from 1% to +11% under
RCP4.5 and from —3% to +17% under RCP8.5 (Table 2). The selected
GCMs represent large variability in the projections of climate and water
availability under both scenarios and especially the widest range of
possible precipitation changes as further demonstrated in Supplemental
Material S1.
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Table 1
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Overall workflow presenting the top down approach and specifying the datasets, associated references and model versions for each stage (row).

Datasets Reference for Models’ version used to derive the datasets
datasets
Climate simulations [Step 1] Six monthly 1915-2095 spatially distributed climate CMIP5, [26] Representative Concentration Pathways [27]
datasets (3 climate models X 2 emission scenarios) GFDL-CM3 [28]
INMCM4 [29]
CCSM4
[30]
[Step 2] Bias corrected temperature and precipitation datasets, [31] BCSD approach [32-34]
daily time scale and 1/8th degree spatial resolution
Hydrology simulations [Step 3] Hydrologic simulations, daily time scale, 1/8th degree  [35,36] VIC hydrology model, version 4.1.2 [37]

Electricity operations
simulations

spatial resolution

[Step 4] Six 1955-2095 regulated river flows, daily time scale,
1/8th degree spatial resolution)

[Step 5] Six 1981-2095 monthly potential hydropower
generation and summer months thermoelectric plant capacity for
the Western U.S. power plant database

[Step 6] Six 1981-2095 hourly simulations of Western U.S. grid

[91

This manuscript
[41]

This manuscript

River routing and water management model [38-40]

Approach developed in [25,42]

PLEXOS production cost model [44]

operations

[43] WECC 2024 Common Case [45] adjusted to represent
2010 infrastructure, 2010 load and 2005 water conditions
as described in [42]
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Fig. 1. Western U.S. annual generation for individual hydropower and ther-
moelectric plants by hydrologic regions as represented by the integrated hy-
drologic modeling (upper panel), and annual generation mix by reserve regions
(lower panel). Source: power plants and generation [46] and reserve region
[45].

2.2.2. Hydrology datasets

We leverage historical and future spatially distributed runoff and
subsurface flow for each climate projection. These data have been de-
rived in previous work [35,36] using the Variable Infiltration Capacity
Model [37]. We force a large-scale river routing water management
model (MOSART-WM) [39,40,48] with these runoff time series to
generate daily river flow time series. The river routing water resources
management represents the effect of river regulation from large dams

Table 2

Summary statistics for WECC climate and electricity generation constraints
projections for 3 GCMs under 2 RCPs. See supplemental material S1, S2 and
Table S1 for an evaluation across 10 GCMs.

CCSM4 GFDL-CM3 INMCM4
RCP 4.5
Diff. ann. T (°C) 1.4 2.3 0.8
Diff. ann. P (%) 1 11 3
Flows at hydropower plant locations (%) -3.8 5.7 —4.5
Flows at thermoelectric plant locations (%) —5.8 5.7 -0.7
RCP 8.5
Diff. ann. T (°C) 1.9 2.8 1.5
Diff. ann. P (%) 3 17 -3
Flows at hydropower plant locations (%) -6.7 13.9 -11.8
Flows at thermoelectric plant locations (%) 1.3 2.7 —-4.6

(GRaND database [49] and multisectoral water withdrawals (see
Supplemental material S2.1 for more details). Sectoral water demands
are maintained at the 2010 level to ensure changes in water availability
are due to climate change effects on hydrology only. The outcome is a
spatially distributed daily regulated river flow data set for the
1955-2095 period for each GCM and RCP combination [50]. Projec-
tions in flows are then processed at individual power plant locations.
Note that each GCM provides a historical period that we use in our
analysis as a reference to evaluate the change between the historical
and future periods. Each GCM is bias corrected, and the historical dis-
tributions’ water availability at power plants are very close to those in
the data sets derived using observed gridded climate.

In Table 2, the potential impact of climate change induced changes
in water availability on flows at thermal and hydropower plants are
inferred from average deviation in flow relative to the historical period.
These are aggregated to the WECC-region by taking the average de-
viation and weighting according to average generation at each plant.
Overall, impacts on water availability at hydropower plants range from
—4.5% to +5.7% under RCP4.5 and —11.8% to +13.9% under
RCP8.5, and at thermoelectric plants from —5.8% to +5.7% under
RCP4.5 and —4.6% to +2.7% under RCP8.5. Those numbers are within
the range of previous analyses [4]. See Supplemental material S2.1 for
an evaluation with 10 GCMs. Note that those relative changes in water
availability at isolated hydropower and thermoelectric plants in re-
sponse to temperature and precipitation changes are not necessarily
coincident, which is why an electricity production cost model is re-
quired to understand the differences between potential and actual im-
pact of climate change on grid operations. The Water Scarcity Grid
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Impact Factor (WSGIF, [25] combines coincident relative changes in
water availability at hydropower and thermoelectric plants. We use
WSGIF here to characterize system-scale water availability conditions,
allowing us to map hydrological change to the power grid dynamics as
simulated by the production cost model. In particular here, the WSGIF
is used to select water availability conditions (10th, 50th and 90th
percentile for dry, median and wet conditions) and evaluate the cor-
responding power system dynamics. A supplemental analysis of the
impact of climate change on the WSGIF distribution over the WECC
under multiple GCMs and RCPs is provided in Supplemental Material
S2.2. The WSGIF is useful to select water year conditions associated
with specific grid response outcomes when one cannot run 270 years of
simulations as performed in this analysis.

2.3. Electricity datasets for historical and future environmental conditions.

2.3.1. Fresh surface water-dependent generation constraints

We represent 1540 hydropower plants and 1539 thermoelectric
plants over the WECC domain. For this study, we adopt the commercial
power system model PLEXOS licensed by Energy Exemplar [44] with a
set up that uses plant-level, monthly resolution estimates of available
hydropower for power plants that have some flexibility to dispatch
based on energy markets. This comprises about 75% of the annual
hydropower generation; the other 25% of hydropower generation
comes from plants with fixed hourly dispatch profiles. Representing
monthly water-constrained generation at each power plant is non-
trivial, as hydropower operations depend on reservoir characteristics,
other water user needs, and changes in electricity demand and market
structure. Conveniently, annual regulated flow is closely correlated
with annual hydropower generation [25,51] over the Western United
States. The monthly hydropower potential generation reported in the
PLEXOS reference database represents water and market conditions for
2005. As in previous studies, annual plant-level regulated flow devia-
tions with respect to reference year 2005 provide the annual projection
of hydropower while the plant-level 2005 monthly pattern is conserved
[25] (see Supplemental Material S3 for details about the hydropower
computation).

While we recognize that the conserved seasonality is a source of
uncertainty in this climate change analysis, regional and seasonal load
and fuel prices are also conserved in this experiment. The combination
of changes in water availability seasonality compounded with changes
in load and fuel prices seasonality on monthly hydropower appears in
very few studies [52] and warrants further investigation. Our analysis
assesses the impact of climate change on annual hydropower avail-
ability. While we also present seasonal results, we limit our main
conclusions at the annual scale until further research can reconciliate
the dependencies between supply, load, and market dynamics at the
seasonal scale. A similar approach is adopted for derating of thermo-
electric plants that use fresh surface water. One difference is that we
adjust generating capacities rather than actual potential generation,
implying that the adjusting factor cannot exceed 1 and that the plants’
monthly generation is not limited. We also adjust only summer capa-
cities (e.g., July, August, and September), as we assume plants are
operating without derating (i.e., full capacity) under average water
conditions the rest of the year. The six 1950-2095 monthly generation
constraints datasets for 3 GCMs and 2 RCPs drive PLEXOS to calculate
the least-cost solution to balance generation and load across the entire
interconnection, within the constraints of the transmission system.

2.3.2. Hourly power system operations

The PLEXOS Integrated Energy Model [44] minimizes system pro-
duction cost subject to power system constraints and input data sets. We
use an adaptation of the WECC Transmission Expansion Planning Policy
Committee (TEPPC) 2024 common case [45], which represents a 2010
grid infrastructure of the Western interconnection in the United States,
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including 1540 hydropower plants and 1539 thermoelectric plants with
respective total capacities of 58 and 152 GW, 2010 wind resources, and
2005 hydrological conditions [42] (Fig. S4). There is a small amount of
solar generation (<1 GW) in the 2010 infrastructure, which has in-
creased significantly since then and will be addressed in the discussion
section. Hydropower generation incurs zero fuel cost in PLEXOS,
leading to a simulation that maximizes generation from hydropower as
well as other renewable technologies, like wind and solar. More costly
resources, in particular thermoelectric plants, are used to complement
the generation and reserve needs that impact the system-scale pro-
duction cost [20]. The electricity demand is maintained to the 2010
level and is always fully met. We simulate annual generator commit-
ment and dispatch with 365 (daily) optimization steps that are solved at
hourly resolution for the entire interconnection.

Data for monthly maximum capacity of thermal generators,
monthly maximum energy for hydropower generators, and hourly fixed
generation of other hydropower generators are derived using the large-
scale river routing model (described above) and then input into the
PLEXOS model. Database properties include generator fuel; ramp rates;
heat rate; maximum capacity and minimum up and down times;
transmission line limits and locational data connecting all transmission
lines; and balancing area boundaries set up by what lines, nodes, and
generators belong to which area, including balancing area level load.
The transmission system is simplified for this study by aggregating
transmission in each of the 407 counties and using a transport algo-
rithm for power flow (Fig. S4). Line limits between counties are (softly)
enforced by imposing a penalty for line flow violations.

2.4. Analytical approach

The outcome of the entire modeling experiment (Table 1) is six data
sets (three GCMs under two RCPs) of monthly generation constraints at
fresh surface water-dependent power plants for the 1955-2095 period
and six associated data sets of hourly power operations over the WECC
for the 1981-2095 period. To analyze the impact of climate change, we
use the 1981-2010 time-slice to represent historical conditions and the
2035-2064 time-slice to represent 2050 conditions. Power operations
are evaluated at the WECC scale and energy regions, at the annual time
scale (and seasonal timescale in supplemental material S7) using three
performance metrics: net generation, production cost, and cross-re-
gional power flows.

At the system scale, the generation always meets the electricity
demand throughout all our simulations. To understand if and how grid
connectivity moderates the propagation of climate-driven impacts, we
evaluate the impact of climate-driven change in water availability on
the WECC-scale electricity production cost.

At the regional scale, we focus on generation and power flows
metrics. Our other science questions focus on the ability of regionally
connected generation assets to influence regional generation responses
to other regions’ changes in water availability. We structure the ana-
lytics with the questions below:

e How are regional generations sensitive to changes in water avail-
ability in their own region?

® Are there connections between regional responses?

e What, if any, are the regions whose climate-driven generation
changes explain other regions’ generation response?

e Are regional power flow directions sensitive to climate-driven
changes in water availability?

The results section presents the main findings associated with those
system- and regional-scale questions.
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Table 3
System-scale changes in operations as simulated by the production cost model.
CCSM4 GFDL-CM3  INMCM4
RCP 4.5
Diff. Hydropower Generation (%) -3.8 4.8 1.2
Diff. Production Cost (%) 2.1 -2.9 0.5
Range of Inter-Annual Production Cost —-12;14 -16;14 -17;17
Variability (%)

RCP 8.5
Diff. Hydropower Generation (%) -3.6 10.4 -7.6
Diff. Production Cost (%) 1.9 -5.9 4.4
Range of Inter-Annual Production Cost —14:14 —18;16 —15;12

Variability (%)

3. Results

3.1. Grid connectivity moderates the propagation of climate-driven impacts
on WECC-scale electricity production costs.

Our selected climate change conditions for 2050 ranged from 0.8 °C
to 2.8 °C increases in annual air temperature and from —3.8% to +17%
changes in annual precipitation, and —11.8% to +13.9% changes in
annual flow availability at hydropower plants over the Western United
States from the historical period, across GCMs and RCPs. With the hy-
dropower and thermoelectric generation constraints integrated with the
power grid operations, we find the overall range of change in system-
scale hydropower generation to be —8 to +10% and the change in
average annual cost of producing electricity maintained at between
—6% to +4% (Table 3). Mean changes in production cost estimated by
GFDL-CM3 RCP 8.5 (decrease) and INMCM4 RCP 8.5 (increase) are
significant at the 95% confidence level. These long-term changes in
annual production cost, albeit significant, must be put in perspective
with historical interannual (shorter term) variability. Over the 30-year
historical period, the simulated interannual variability in annual pro-
duction cost ranges from —14% to +17% around the historical mean
(Table 3, Fig. S5). This overall variability is maintained in the six future
projections studied (—18% to +16%).

Fig. 2 relates the changes in Western U.S. precipitation with system-
scale changes in hydropower generation (dashed line) and system-scale
reduction in production cost (solid line). With the slope of production
cost response being smaller than the hydropower generation response,
we find that the interconnected grid mutes climate change impacts on
generation at individual plants. In the following sections, we evaluate
how these effects play out at the scale of energy regions.
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3.2. Power system dynamics influence regional generation responses to
other regions’ changes in water availability

Fig. 3 shows the relationship between annual hydropower genera-
tion in the Northwest and Northern California (for all GCMs and per-
iods) and net electricity generation (regional generation minus regional
load) over all energy regions. Though it is related to total regional
generation, the net electricity generation has implications for im-
porting/exporting status and regional interdependencies. The Cali-
fornia regions’ loads tend to exceed their generation. These regions
therefore import electricity on an annual basis apart from a few ex-
porting years for Northern California. The other regions export elec-
tricity in all years.

Because of the significant hydropower contribution in the regional
generation mix, the Northwest and Northern California are the only two
of six reserve regions for which the net regional generation is sensitive
to the in-region changes in water availability. For both the Northwest
and Northern California, water availability and associated hydropower
generation explain over 90% of the inter-annual variations in local net
generation. The positive relationship between net generation and local
water availability indicates that the Northwest exports more in a wet
Northwest year and that Northern California imports less on a wet
Northern California year. This dynamic is the result of fuel price dif-
ferences between regions, potential transmission constraints, and re-
serve guidelines that motivate an increase in generation in Northern
California associated with increasing local hydropower, reducing im-
ported electricity rather than maintaining the imports, and reducing the
overall Northern California non-water-dependent generation [42]. De-
spite large interannual climatic variability over Northern California and
the climate change impact on the Northwest, each region maintains its
overall historical annual importer/exporter status (Fig. 3).

Fig. 3 also introduces the regional interdependencies addressed
next. The reservoir storage capacity over the Southwest seems to sta-
bilize the local response to dry conditions, and net generation is not
sensitive to local changes in water availability. We can observe however
that the Southwest net generation (exporter) is negatively correlated
with Northwest and Northern California water availability conditions
(correlation coefficients of —0.82 and —0.75 respectively).

Therefore, the regional analysis demonstrates how complex power
grid dynamics need to be considered in regional climate change impact
assessment and long-term planning. This is particularly important for
regions where the local generation (and net generation) is not linearly
related to local water availability, as well as for regions that typically
import.

. 20 Fig. 2. The muting of the precipitation signal
X over the power system is shown by plotting the
; change in hydropower generation (dashed line)
2 to the decrease in production cost (solid line).
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Fig. 3. Impact of local and other’s regions hydropower generation on local electricity generation. All historical and future GCM year simulations are considered as the

relationship is not changing.

3.3. Northwest generation explains most of the variance in other regions’
generation changes.

With only the Northwest and Northern California net generation
being responsive to hydrology within their respective regions, we posit
that changes in water availability propagate through the grid (Fig. 3),
starting from those regions. The impact of climate change on water
availability is significant only in the Northwest, and therefore we fur-
ther posit that climate change impact on water availability would
propagate from the Northwest. We perform a covariance analysis
(Fig. 4, and Fig. S6) of each region’s local net generation and all other
regions’ local net generation to identify the import/export inter-
dependencies. The analysis shows that increased generation in the
Northwest in any year coincides with reduced generation in the
Southwest, Rockies, and Southern California. Northwest generation
explains approximately 40%, 50%, and 35% of the variability in gen-
eration in these regions, respectively (these coefficients of determina-
tion vary marginally depending on RCP and period of analysis). Though
other variance indices are very high, as we discuss next, those re-
lationships are the indirect results of variations over both the Northwest
and Northern California on an interannual basis, and changes that are
due to future water availability over the Northwest.

3.4. Desert Southwest generation responds to generation changes in the
Northwest.

Net generation in the Desert Southwest is unresponsive to changes

in local hydropower. The Desert Southwest is an exporting region; it
generates more electricity when generation is constrained elsewhere.
Desert Southwest generation is negatively correlated to the generation
in the Northwest, with net generation in the Southwest explaining ap-
proximately 40% of variability in net generation in the Northwest
(Figs. 3 and 4). This inverse relationship is similar for Northern Cali-
fornia, where 33% of variability in net generation is explained by net
generation in the Southwest.

Regional dependencies studies typically look at import-export re-
lationships [53]. In contrast, we have exposed export-export dynamics.
Exports from the Desert Southwest depend on exports from the
Northwest, which in turn depend on climate conditions in the North-
west. Generation from the Desert Southwest is not only responsive to
changes in generation over the Northwest and Northern California; it
also compensates for the variability in generation over the Northwest,
as demonstrated by the magnitude of the variations shown in Fig. 3.
This implies that while the regional changes in generation are mostly
driven by changes in water availability in the Northwest, the stability of
the grid relies on the Desert Southwest region’s flexibility in exporting
under the current power grid infrastructure.

3.5. Maintained regional interdependencies under future water availability

We compare power flow patterns between regions for all 270 si-
mulated historical and future water years, 3 GCMs, and 2 RCPs. Each
year is associated with water conditions as measured by the water
scarcity grid impact factor (combined hydropower and thermoelectric
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HISTORICAL RCP 4.5 RCP 8.5
Northwest Northwest Northwest
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Non"ther'n O O O Rockies Nov"ther'n O Rockies No'rther'n O O Rockies
California Great California Great California Great
Basin Basin Basin
O O 02
Southern 0 Southern O Southern Yﬁ
California Desert California Desert California Desert
Southwest Southwest Southwest
Coef. of determination 0.2 0.4 0.6 Slope insignificant negative positive

Fig. 4. Variance analysis of regional net generation under historical and future conditions, all GCMs and RCPs combined. Positive slope indicates positive correlation
in net generation (and vice versa). Coefficients of determination less than 0.2 are greyed out.
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Fig. 5. Regional power flows during a dry (10th percentile WSGIF), normal (median), and wet (90th percentile) year. The WSGIF represent coincident water

availability conditions at hydropower and thermoelectric plants.

generation constraints, WSGIF, see supplemental material S2.2 and
methods). Fig. 5 shows the net interchange between region pairs for an
example of wet, median, and dry years while the description of de-
pendencies that follows is based on all 270 simulated years. Whether
stressed by large interannual variability or future water availability, we
find that the import/export status of the energy regions under current
infrastructure and load is largely maintained. Power flows from the
Northwest into Northern California increase with dry to normal con-
ditions (increasing WSGIF) and tend to level off beyond 40 TWh around
median WSGIF. Power flows from the Northwest to Southern California
also reach 20 TWh, with increasing WSGIF before leveling off at median
WSGIF value. The flows from Northern California to Southern Cali-
fornia increase continuously with increasing WSGIF. The largest inter-
change is from the Desert Southwest to Southern California and this
decreases from nearly 80 to 50 TWh as we move from dry to normal to
wet conditions.

Southern California is hidden from our analytics so far because it is
a major importer (Figs. 3 and 5), with the Desert Southwest as the
largest source (Fig. 5). With the energy demand held constant in our
analysis, variations in the exports to Southern California are driven by
regional water availability in the Northwest and Northern California,
and the response of the Southwest to those regions’ water availability
(Fig. 4). Given these import-export dynamics, the potential major
changes in the generation portfolio in Southern California with the

addition of distributed solar generation should be compounded with
evolving water availability in other regions when evaluating the WECC
grid resilience. This analysis exposes the importance of representing
regional diversity in water availability and indicates how other drivers
of power grid operations (e.g., regional fuel prices and technology in-
novation) might influence the regional responses of power operations to
changes in water availability.

4. Discussion

4.1. Research implication: complex regional interdependencies to be
considered for long-term planning

Regional electricity importer/exporter interdependency between
the Northwest and California associated with their local variations in
water availability had been previously established with modeling stu-
dies [24,51] and more recently with data-driven analytics of virtual
water flows [53]. The work presented here explores more-complex re-
gional interdependencies where pairs of importers/exporters (North-
west to Southern California and the Desert Southwest to California) are
intertwined with exporter/exporter pairs (Northwest-Desert South-
west). As shown in Figs. 3-5, water availability in the Northwest drives
the regional net generation and therefore the exports toward Southern
California. When the regional net generation is lower in the Northwest,
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the Desert Southwest mitigates the generation loss in the Northwest by
increasing its net generation and exporting more to Southern California.
Any changes in water availability in the Northwest therefore propagate
to the importer (i.e., Southern California) and alternate exporter (i.e.,
the Desert Southwest).

Our research highlights the need to identify interconnected im-
porters and exporters, as well as their sensitivities to local and extra-
regional water availability conditions. Such an approach allows for
improved representation of regional long-term planning autonomy with
realistic boundary conditions. Even if one region is not sensitive to
changes in local water availability, the import/export boundary con-
ditions likely are. Climate may thus amplify grid-scale changes and
boundary conditions rather than, or in addition to, driving changes in
local water-energy dynamics.

4.2. Limitations of the analysis

Although this study highlights the importance of grid-scale mod-
eling for evaluation of climate change impacts on a generation, there
are several potential improvements that may be addressed in future
work.

We purposely kept the water demand level, the electricity demand
level, and the electricity infrastructure to 2010. The assumption of fixed
2010-level for water demand is reasonable [54] and the implications
over the Western United States is somewhat limited because many
basins are fully allocated [55]. There remain large uncertainty in pro-
jected changes in water demands and how those changes could affect
water availability [56-58]. Maintaining the electricity demand level
allowed the analytics to focus on water availability driven changes in
regional responses and dependencies. Future work would benefit from
considering changes in electricity demand and associated changes in
electricity infrastructure. While a number of studies have provided
projections of electricity demand associated with increased temperature
and population [59-61], there is no existing hourly nodal electricity
demand datasets coincident with the climate and hydrology datasets at
the scale of the entire Western U.S. Those electricity demand datasets
are an area of ongoing research [62-65]. The fixed electricity infra-
structure assumption will need to be addressed in future work. Tech-
nology innovations and (e.g., electricity storage devices and smart ap-
pliances to mitigate peaks in electricity demand, and distributed
electricity generation from roof solar panels) and regulatory policies
(e.g., regulations regarding market structure and integration of re-
newables) lead to uncertainty in future infrastructure growth that re-
quires a substantial extension to the analytics in this study. However,
the findings provide guidance on how regionally diverse water avail-
ability conditions should be considered when evaluating future elec-
tricity infrastructure and electricity demand.

In regard to generation constraints, we did not include effects from
either air or water temperature on thermoelectric plant generating ca-
pacity. These effects have limited implications over the Western United
States in comparison to water availability, but they should be con-
sidered in other grids and perhaps in future work [4,11,66,67]. Water
availability in most hydrologic regions in the Western United States is
snowmelt-driven; therefore, a seasonal look into the existing analysis is
needed. While the fixed seasonality in generation is an uncertainty in
this analysis, monthly hydropower generation patterns are driven not
only by water availability but also by regulatory constraints and power
grid operational needs to meet evolving electricity demand, which were
also held constant and therefore consistent. A seasonal analysis is per-
formed (see supplemental material S7) demonstrating that key power
flows between the Northwest, Northern California, the Desert South-
west, and Southern California are conserved at a seasonal scale as well.
Future research focusing on seasonal power flows would need to ad-
dress the connection between regional generation and water avail-
ability, market prices, and loads.

Pumped storage hydropower (PSH) contributes only 2.5% of power
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generation in the WECC, but is much more dominant in the generating
portfolios of other power girds, such as in Brazil and the European Alps.
These grids would benefit from more detailed simulation of PSH dis-
patch. In these power grids, the impact of future water availability
cannot be isolated from uncertainty in future market conditions using
the same approach to modeling conventional hydropower, as done in
this study. Ongoing research demonstrates the complexity in evaluating
the impact of climate change on PSH amid environmental constraints
and uncertainty in market conditions [68,69] and how PSH could re-
duce dependence on conventional hydropower and decouple the grid
from natural water variability [70].

5. Conclusions

This study explores the impact of future water availability (2050 s)
as driven by climate change onto the existing Western U.S. inter-
connection (WECC) and regional operations, and in particular on re-
gional interdependencies. It includes six 1985-2095 hourly electricity
operations simulations derived from three bias-corrected and down-
scaled climate projections from global atmospheric models CCSM4,
INMCM4 and GFDL-CM3 and two radiative scenarios RCP4.5 and
RCP8.5 which represent large variability in future climate under both
scenarios with changes in temperature ranging from 0.8 °C to 2.8 °C and
changes in precipitation from —3.8% to +17%. Historical and future
spatially distributed hydrologic simulations [36] inform a large-scale
spatially distributed river routing water management model MOSART-
WM [40] that translates water availability into power generation con-
straints at hydropower plants and water-dependent thermoelectric
plants across the Western United States. Historical and future time
series of monthly hydropower generation and thermoelectric plant ca-
pacity deratings for the six studies are input into the production cost
model PLEXOS [44] — a high spatial resolution hourly-resolution eco-
nomic dispatch to represent WECC power system operations. Resulting
PLEXOS-simulated regional and WECC-scale generation portfolio, pro-
duction cost and interregional power transfers are used to evaluate the
impact of climate change on power system operations and regional
interdependencies.

Our simulation results suggest:

i) Grid operations over the Western United States benefit largely from
diversity in generation technology and spatial location; under cli-
mate change conditions, WECC-scale initial stress of —3.8% to
+17% changes in mean precipitation is moderated to —6% to
+4% in mean annual production cost changes, even though the
absolute changes in cost are substantial.

ii) Inter-annual changes in net electricity generation in Northern
California and the Northwest are directly related to the local
changes in water availability, which explains over 90% of the
variability in both regions. The Northwest is an exporting region,
and the net-generation response over the region could be inferred
without the production cost model. However, the generation re-
sponse in mostly importing Northern California to local changes in
water availability highly reflects cross-regional power system dy-
namics.

iii) Northwest total generation determines the interannual variability
in other regions’ net generation, explaining about 40%, 50%, and
35% of the variability in generation in Southwest, Rockies, and
Southern California regions respectively. Northern California
variability in generation also explains about 30% of the generation
in Desert Southwest.

iv) Climate-induced changes in water availability and total generation
are significant only in the Northwest. While the direction of future
water availability change is not definitive at the WECC scale, cli-
mate change impacts on the Northwest propagate throughout the
Western U.S. power grid by driving future regional changes in other
regions’ generation and regional interdependencies. This pattern is
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amplified by large interannual variability in Northern California’s
water availability and generation.

v) The Desert Southwest serves as the primary generation response
region to adapt to changes in water availability in the Northwest
and Northern California, in our simulations.

vi) Regional importer/exporter relationships, and specifically power
flow directions, are largely maintained under both interannual and
climate-change-only variations in water availability.

Many previous water-energy studies have examined the impacts of
climate change on region-specific resource adequacy. Building on this
foundation, our study uses a grid-scale approach and a production cost
model to explore an unprecedented range of projected grid-scale water
availability conditions and focus on regional impacts as well as complex
interregional interactions, such as importer-exporter pairs but also ex-
porter-exporter pairs dynamics. Our results highlight important prac-
tical implications for long-term capacity and transmission planning
studies as well as resource adequacy studies. Given the importer-ex-
porter and exporter-exporter pairs dynamics exposed in this work, re-
gional planning authorities ought to take the precaution of including in
their models the effects of climate change on grid operations beyond
their immediate locales. A key example is the interdependent net gen-
eration in the Northwest and Desert Southwest linked to water avail-
ability in the Northwest and electricity demand in Southern California.
At the grid-scale, power system models may be used to better under-
stand how climate change impacts propagate into regional power
system dynamics. This would enable a more comprehensive approach
to regional long term planning, with more accurate boundary condi-
tions, complex regional power dependencies, and consideration of the
amplifying effects of climate change on factors driving future grid ex-
pansion needs.

Data availability
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