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Abstract

Climate change will likely impact wind and solar resources. As power systems increasingly shift towards
wind and solar power, these resource changes will increasingly impact power system operations. We
assess how power system operations will be affected by climate change impacts on wind and solar
resources by generating wind and solar generation profiles for a reference period and five climate change
projections. We then run a unit commitment and economic dispatch model to dispatch a high-
renewable generator fleet with these profiles. For climate change projections, we use 2041-2050 output
from five global climate models (GCMs) for Representative Concentration Pathway 8.5 for Texas, our
study system. All five GCMs indicate increased wind generation potential by 1%—4% under climate
change in Texas, while three and two GCMs indicate increased and decreased solar generation potential,
respectively, by up to 1%. Uneven generation potential changes across time result in greater changes in
dispatched generation by fuel type. Notably, nuclear generation decreases across GCMs by up to 7%,
largely in low-demand (winter) months when nuclear plants, which have a high minimum stable load,
must reduce their generation to avoid overgeneration. Increased wind and/or solar generation result in

reduced system CO, emissions and electricity production costs across four of the five GCMs by 8-16
million tons and $216—-516 million, or by 2% and 1%, respectively. Future research should assess the
atmospheric and climate dynamics that underlie such changes in power system operations.

1. Introduction

Over the coming decades, climate change will likely
harm natural and anthropogenic systems and indivi-
duals (Fri et al 2010). As part of a broad effort to
mitigate climate change, many international, national
and state governmental bodies have promoted zero-
carbon electricity generation technologies, particularly
wind and solar (Meckling et al 2017). Consequently,
over the past decade installed wind and solar capacity
has grown rapidly, reaching in 2017a combined
capacity of 130 GW in the United States (US Energy
Information Administration 2017b) and 915 GW
globally (BP 2018). Installed capacity growth has
reduced wind and solar costs, so that they are often
cost-competitive with other generation technologies
in the US (Barbose et al 2017, Lazard 2017, Wiser et al
2017), enabling continued growth.

Despite wind and solar growth and other climate
change mitigation efforts, annual average temperatures
over the contiguous US have increased 1.8 °F since 1901
(US Global Change Research Program 2017). Further-
more, emission reduction pledges recently submitted at
the 2015 Conference of Parties in Paris would slow, but
not stop, future temperature increases (Fawcett et al
2015, Rogelj et al 2016). Temperature increases and
other impacts of climate change will have demand- and
supply-side effects on the electric power system
(Schaeffer et al 2012, Chandramowli and Felder 2014,
Bonjean Stanton et al 2016, Craig et al 2018a) including
on wind and solar resources and generation (Pryor et al
2012, Wild et al 2015, Haupt et al 2016, Karnauskas et al
2018, Carrefio et al 2018). As wind and solar capacities
continue to increase across the United States, climate
change impacts on wind and solar generation will
increasingly affect power system operations.
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In general, studies forecast wind resources will
decrease on average across the United States but
increase in some regions by 2050 across potential cli-
mate futures. Karnauskas et al (2018) find ten global
climate models (GCMs) agree that wind power will
decrease in the central United States by 8%-10% but
increase in the east central United States under Repre-
sentative Concentration Pathways (RCPs) 4.5-8.5
(Stocker et al 2013) by 2050. Alternatively, Pryor et al
(2012) find agreement among more than ten pairs of
GCMs and regional climate models (RCMs) that mean
annual wind speeds will increase in North Texas and
Kansas, but decrease in the west, northwest, central
east and northeast United States by 2041-2062 under
RCP 8.5. Similarly, Johnson and Erhardt (2016) find
consensus among 4 GCM-RCM pairs that wind
energy densities will increase in the north Texas region
and decrease in the northeast and northwest by
2038-2070 under RCP 8.5. Crucially, Haupt et al
(2016) illustrate that wind speed changes under cli-
mate change will significantly vary across seasons and
regions by 2040-2069. For instance, in the morning
hours in Texas they find wind speeds will increase by
up to 10% in the summer and fall but decrease by up to
6% in the winter and spring.

Less consensus exists among studies on future
solar resources than wind resources, but studies gen-
erally indicate solar resources will decline in California
and increase across the southeast United States. Across
the 39 GCMs included in the Coupled Model Inter-
comparison Project Phase 5 (CMIP5), Wild et al
(2015) only find consensus in solar photovoltaic (PV)
generation increasing (by up to 3%) in the southeast
and decreasing (by up to 3%) in California and the
northwest by 2049 under RCP 8.5. Across the same
GCMs, Wild et al (2017) only find statistically sig-
nificant changes in median concentrating solar power
(CSP) generation in the southeast, which they forecast
will increase by up to 11% by 2049 under RCP 8.5.
Similarly, using two GCMs Crook et al (2011) forecast
solar PV and CSP generation will increase in the
southeast and decrease elsewhere by 2080 under RCP
6.0. As with wind speeds, though, how climate change
affects solar resources by 2040-2069 will vary season-
ally and spatially (Haupt et al 2016).

Notably, while the above and related studies quan-
tify wind and solar resources under climate change,
they do not link changes in those resources to planning
or operational impacts on the electric power system.
Due to the interconnected nature of the power system,
changes in wind and solar resources would affect other
aspects of the power system. For instance, reduced
wind and solar generation would need to be compen-
sated for by increasing generation or decreasing
demand. Increased generation may come from fossil-
fired resources, increasing carbon dioxide (COj)
emissions and making decarbonization targets more
difficult to achieve. Alternatively, reduced wind and
solar resources in high-renewable systems may

P Letters

endanger security of supply, e.g. by reducing genera-
tion coincident with peak demand.

Here, we build on prior work by capturing power
system operational impacts of climate change effects
on wind and solar resources. Specifically, for a refer-
ence period and five climate change projections
assuming a high-renewable generator fleet, we gen-
erate hourly wind and solar generation profiles, then
dispatch the fleet using a unit commitment and eco-
nomic dispatch (UCED) model. By comparing system
operations under the reference period and climate
change projections, we quantify how climate change
impacts on wind and solar electricity generation affect
power system operations in terms of generation mix,
wind and solar curtailment, system production costs
and CO, emissions.

2. Methods

Due to its strong wind and solar resources (US
National Renewable Energy Laboratory 2016), limited
interconnections with neighboring systems (Electric
Reliability Council of Texas 2017), and forecasted
effects of climate change on wind and solar resources
(Pryor et al 2012, Haupt et al 2016, Johnson and
Erhardt 2016), we use the Electric Reliability Council
of Texas (ERCOT) power system as our study system.
Throughout this paper, we present costs in 2017 USD
using the Producer Price Index for electric utilities
(Federal Reserve Bank of St. Louis 2017).

2.1. Calculating wind and solar generation under
reference and climate change conditions

To obtain high-resolution wind and solar electricity
generation profiles, we first obtain hourly air temper-
ature and pressure; wind speed and direction; and
global horizontal irradiance, direct normal irradiance
(DNI) and direct horizontal irradiance (DHI) for
Texas in 4 x 4 km grid cells using the Weather
Research and Forecasting (WRF) model version 3.8
(Skamarock et al 2008). The WREF grid is centered at
31.00°N and 100.00°W and consists of 340 points in
the latitude direction and 340 points in the longitude
direction, so that WRF’s domain covers Texas. To
better forecast solar electricity generation, we config-
ure WREF to use the rapid transfer radiative model
(RRTM) for longwave radiation and direct aerosol
effects to an optical depth of 550 nm from WREF-Solar
(Jimenez et al 2016).

To model reference and climate change condi-
tions, we use different sets of boundary conditions that
force WRF every 6 h (figure 1). To model reference
conditions, we set boundary conditions with the
North American Regional Reanalysis (NARR) data set
for 1995-2005 (Mesinger et al 2006). To model climate
change conditions, we modify NARR data on a cell-
by-cell basis with average monthly changes in sea sur-
face temperature and atmospheric moisture and

2
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Figure 1. Diagram of methods used to generate wind and solar generation potential, then determine system costs and emissions in the
reference period and climate change projections. Note that the only difference when running the UCED model in the reference period
and in the climate change projections is input wind and solar generation potentials.
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temperature under climate change for 2040-2050 and
RCP 8.5. We then use this modified NARR data to set
boundary conditions (for more details and validation
of this approach, see Carrefio et al (2018)). To under-
stand the robustness of our results across GCMs, we
calculate the average monthly changes under RCP 8.5
using five GCMs (ACCESS, CCSM4, GFDL, IPSL and
MPI) dynamically downscaled with the regional cli-
mate model system version 4 (RegCM4). Downscaling
RegCM4 yields weather variables at 6 hour resolution,
so we further downscale output from RegCM4 using
WREF to generate weather variables at hourly resolu-
tion and at a higher spatial resolution. By doing so, we
better capture spatial and temporal variability in cli-
mate change impacts on wind and solar generation
and align the temporal resolution of weather variables
with the resolution of our power system operational
model (section 2.2). We select the five GCMs included
in our analysis to represent the range of annual mean
precipitation projections in Texas across 11 GCMs
dynamically downscaled with RegCM4 (Ashfaq et al
2016). Overall, we generate 11 years of hourly time ser-
ies of atmospheric and irradiance variables for each
4 x 4 km grid cell in a reference period (1995-2005)
and five climate change projections (2040—-2050).

For each grid cell in the reference period and each
climate change projection, we input hourly DNI, DHI,
air temperature and surface wind speed into the Sys-
tem Advisor Model (SAM) (US National Renewable
Energy Laboratory 2017) to calculate hourly solar gen-
eration potential assuming fixed tilt panels, and we
input hourly wind speed and direction, and atmo-
spheric pressure and temperature (all at 100 m hub
height) into SAM to calculate hourly wind generation
potential assuming IEC-2 composite turbines with
100 m hub heights. For further details on calculating
wind and solar generation, see Carrefio et al (2018).

To maintain synchronicity between wind and solar
generation and electricity demand, we use hourly
demand from ERCOT for the reference period years, i.e.
19952005 (Electric Reliability Council of Texas 2018).
No demand data is available for 1995 or 2001, so we
exclude those years from our analysis in the reference
period and the corresponding years (2040 and 2046) in
the climate change projections. Consequently, our refer-
ence period spans 1996-2005 excluding 2001 and our

climate change projections span 2041-2050 excluding
2046. Directly utilizing 1996-2005 demand, which has
annual peaks ranging from 48 GW in 1996 to 60 GW in
2005, in conjunction with our 2017 generator fleet,
which has a total capacity of 86 GW, would result in sig-
nificant over-capacity. To avoid this issue, while preser-
ving the hourly demand profile each year, we multiply
hourly demand in each year by the ratio of total demand
in 2017 to total demand in each year. These ratios range
from 1.2-1.5 across years (supplemental information
(SI) section SI.1, available online at stacks.iop.org/ERL/
14/034014/mmedia). To isolate the operational effects
of climate change impact on wind and solar generation,
we use the same demand profiles for the reference period
and climate change projections. In so doing, though, we
miss how inter-annual climatic variability affects
demand, deferring to future research the interaction of
climate change impacts on wind and solar generation
and demand.

2.2.UCED model

To capture the operational impact of shifting wind and
solar resources under climate change, we use a UCED
model (Morales-espana et al 2013, Craig et al 2018b).
The UCED model optimizes electricity generation and
reserve provision to minimize variable electricity
generation costs, regulation reserve provision costs,
and start-up costs subject to system-wide reserve
requirements, electricity demand and generator-level
unit commitment constraints (SI.2). To account for
inter-day generator operations, the UCED model runs
hourly for a 24 hour optimization window plus a 24
hour look-ahead period. The solution of the 24 hour
optimization window determines the initial condi-
tions for the following UCED run. We build the UCED
model in the General Algebraic Modeling System
Version 25.0.1 (GAMS Development Corpora-
tion 2013) and solve it using CPLEX Version 12
(IBM 2014).

To estimate electricity generation costs, we use lin-
ear piecewise approximations of heat rate curves for
thermal generators with sufficient data and constant
heat rates for all other generators (section 2.3). Given
current standard operations, we only permit coal
steam, natural gas steam and natural gas combined
cycle (NGCC) generators to provide reserves (Craig



http://stacks.iop.org/ERL/14/034014/mmedia
http://stacks.iop.org/ERL/14/034014/mmedia

10P Publishing

Environ. Res. Lett. 14 (2019) 034014 W Letters

Table 1. Reserve types, response timeframes and hourly requirements in the UCED model.
SR and WR indicate reserve requirement components based on wind and solar generation,
respectively, while rand findex regulation and flexibility reserve components.

Type Response Timeframe (min.) Hourly Requirement
Regulation 5 \/ SR + WR? + (1% hourly load)?
Flexibility 10 JSRf + WR}

Contingency 30 3% hourly load

Table 2. Capacity by plant type in generator fleet.

Coal Natural Gas Com- Natural Gas Com- Natural Gas
Plant Type Steam Nuclear bined Cycle bustion Turbine Steam Turbine  LandfillGas Wind  Solar
Capacity 15.5 5.0 33.2 4.6 10.4 0.2 35 31.5

(GW)

et al 2018b). While other technologies that will likely
be deployed at large-scale by midcentury could pro-
vide these reserves, e.g. grid-scale batteries, we defer an
analysis including those technologies to future
research. To co-optimize energy and reserves, we set
regulation provision costs to $10, $6 and $4 ($,017) per
megawatt-hour (MWh) for coal, NGCC and natural
gas steam units, respectively. These costs capture vari-
able operation and maintenance (VOM) and heat rate
degradation costs incurred while providing reserves
(Craigetal2018D).

Since ERCOT has limited interconnections
(1.2 GW relative to 70 GW of peak load in 2017) with
neighboring systems (Electric Reliability Council of
Texas 2017), the UCED model ignores power flows
with neighboring systems. In addition, given recent
transmission expansion to better integrate renewables
(Electric Reliability Council of Texas 2015) and uncer-
tain transmission constraints by 2041-2050 (the time-
frame of our climate change projections), we assume
no transmission constraints exist, but test the sensitiv-
ity of our results to pipeflow transmission constraints
between five zones of 7 GW (SL.1).

The UCED model considers wind and solar gen-
erators as dispatchable resources constrained by hourly
capacity factors that vary across the reference period and
climate change projections (section 2.3). To ensure sys-
tem reliability against variable wind and solar generation
and unexpected generator and transmission outages, as
well as to approximate current reserve classes in ERCOT
(Electric Reliability Council of Texas 2013), the UCED
model includes three reserve classes: regulation, flex-
ibility and contingency reserves (table 1) (SL.1). To cap-
ture greater reserve requirements at high wind and solar
penetrations modeled here, the three reserve classes vary
with load and wind and solar generation (Craig et al
2018b, Lew et al 2013). All reserve classes procure posi-
tive or up reserves, i.e. spare capacity for increased gen-
eration, given the challenge of inadequate spare capacity
during periods of over-forecasted renewable generation.

2.3. Generator fleet

Given the rapid pace of wind capacity additions and
thermal plant retirements in ERCOT, we base our
generator fleet on an up-to-date generator fleet using
ERCOT’s Capacity, Demand, and Reserves (CDR)
December 2017 report (Electric Reliability Council of
Texas 2017) (table 2). The CDR report provides each
generator’s name, county, fuel type, and capacity.
Since hydropower accounts for less than 1% of the
fleet capacity, we subtract the estimated hourly genera-
tion by hydropower units from demand, then remove
them from our fleet (SI.1). We augment the CDR
generator fleet with carbon dioxide (CO,) emission
rates by fuel type (US Energy Information
Administration 2017a); unit commitment parameters
by plant and fuel type and capacity (Craig et al 2018b);
VOM costs by fuel type (Craig et al 2018b); and
latitudes and longitudes (US Environmental Protec-
tion Agency 2017) (SI.1). Based on 2017 data for Texas,
we set coal, natural gas and nuclear fuel costs equal to
$2.21, $3.26 and $0.65 per MMBtu ($,0;7) (US Energy
Information Administration 2018), but test the sensi-
tivity of our results to higher natural gas prices of $6
per MMBtu ($2017).

We also augment the CDR fleet with constant and
linear piecewise heat rate curves from the National
Electric Energy Data System (US Environmental Pro-
tection Agency 2015) and continuous emission mon-
itoring systems (US Environmental Protection
Agency 2018) data, respectively. To approximate lin-
ear piecewise heat rate curves, we use an iterative algo-
rithm that yields a convex curve with up to three bands
(Magnani and Boyd 2009) (SI.1). Due to data avail-
ability and quality issues, we can only estimate linear
piecewise heat rate curves for 114 (out of 271) gen-
erators. For the remaining 157 generators, we use con-
stant heat rates.

Since we conduct our analysis for 2041-2050 cli-
mate change conditions and given recent continued
growth in Texas renewable penetrations, we add
15 GW wind and 30.5 GW solar to the CDR fleet (which
originally contained 20 GW wind and 1 GW solar) to
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Table 3. Total change in wind and solar generation potential
summed over all 9 years from the reference period to each climate
change projection. Reference wind and solar generation potential
summed over all 9 years equal 1047 and 443 TWh, respectively. Red
italics values indicate decreased generation potential.

Total Change in Generation Potential from Reference
Period to Climate Change Projection (TWh)

Fuel Type ACCESS CCSM4 GFDL IPSL MPI
Wind 36 30 8 20 31
Solar 13 11 2 -3 —1

construct a high-renewable fleet with roughly 25%
wind and 15% solar penetration by energy. We use
greater wind than solar capacity to reflect results of stu-
dies on cost-optimal high-renewable generation fleets
(Hand et al 2012, Craig et al 2018b). Given that adding
renewables increases system reserve and flexibility
requirements, we do not remove generators from the
CDR fleet. We set locations for added wind and solar
generators using output from the Regional Energy
Deployment System (Eurek et al 2016) for a wind and
solar penetration scenario similar to that assumed in
this paper (for a map of added wind and solar plants, see
SL.1). For each wind and solar generator, we use the
hourly generation profile for the nearest WRF grid cell.
To isolate the operational effects of climate change
impact on wind and solar generation, we use the same
generator fleet (summarized in table 2) in the reference
period and each climate change projection.

3. Results

To understand how climate change impacts on wind
and solar resources may affect power system opera-
tions, we first summarize aggregate changes in wind
and solar generation potential from the reference
period to climate change projections for our generator
fleet. Using our UCED model, we then present how
those generation potential changes translate to
changes in dispatching and system production costs
and CO, emissions from the reference period to
climate change projections.

3.1. Changes in maximum potential wind and solar
generation

We quantify changes in total wind and solar genera-
tion potential, which ignores curtailment during
dispatching, under climate change by subtracting total
wind and solar generation potential (as output by
SAM) in the reference period from total wind and solar
generation potential (as output by SAM) in each
climate change projection. Aggregating across wind
generators, all five GCMs agree that climate change
will increase total wind generation potential (table 3).
Across 802 wind farms with a combined capacity of 35
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GW, total wind generation potential increases by
8-36 TWh across GCMs, or by 1%-4% of total
reference generation potential. Aggregating across
solar generators, GCMs differ as to whether total solar
generation potential will increase or decrease under
climate change (table 3). Across 239 solar PV farms
with a combined capacity of 31.5 GW, three GCMs
yield an increase of 2-13 TWh, or up to 1% of the
reference generation potential, whereas the other two
yield a decrease of 1-3 TWh, or of less than 1%.

To better understand temporal patterns in wind
and solar generation potential changes under climate
change, we quantify monthly generation potential
changes from the reference period in each climate
change projection (figure 2). Four or more GCMs
indicate wind generation potential increases in all
months except in winter (November, January and
February) and mid-summer (July). No months exhibit
decreased wind generation potential across most
GCMs. With respect to solar generation potential, four
or more GCMs indicate increased generation potential
in spring (April to June) and fall (September and Octo-
ber), whereas all GCMs indicate decreased generation
potential in winter (January and December). These
trends largely hold across years for each GCM as well,
so that no single year drives total monthly changes in
wind or solar generation potential (SI.3).

Changes in wind and solar generation potential
under climate change also exhibit consistent patterns
by hour of day across GCM (figure 3). In four of the
five GCMs, wind generation increases in all hours of
the day, and all GCMs indicate wind generation
increases more at night than during the day. Con-
versely, in all GCMs, solar generation tends to increase
in the morning, then that increase tails off throughout
the day. In three GCMs, solar generation decreases
throughout the afternoon, whereas in the other two
decreases only occur in the late afternoon to early
evening.

3.2. Changes in dispatched generation by fuel type
and wind and solar curtailments

Changes in wind and solar generation potential
under climate change presented in the prior section
might translate to changes in dispatched wind and
solar generation, which in turn might affect genera-
tion by other fuel types, the focus of this section. In
the reference period, total dispatched generation
equals 3196 TWh and is 8% coal, 38% gas, 11%
nuclear, 31% wind and 13% solar. From the refer-
ence period to four or more climate change projec-
tions, wind generation increases (by up to 3%), while
coal, gas and nuclear generation decrease (by up to
5%, 1% and 7%, respectively) (figure 4). Dispatched
solar generation increases (by up to 2%) in two
GCMs, decreases (by up to 1%) in two GCMs and
changes negligibly in one GCM (figure 4). The
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relative differences between GCMs of changes in increased potential and dispatched wind generation
potential and dispatched wind generation are simi- (table 3 and figure 4). The same is true for solar
lar, e.g. GFDL has the least increase across GCMs of ~ generation, except in the case of GFDL, which is
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ACCESS
CCsMm4
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discussed below. The maximum hourly penetration
of dispatched wind, solar and wind plus solar
generation equal 85%, 78%—-79% and 85%, respec-
tively, across GCMs.

In response to wind and solar generation changes
under climate change, nuclear generation decreases
more than other fuel types. On a monthly basis
(figure 5), nuclear generation declines from October
to May (months with lower demand) but not from
June to September (months with higher demand)
(SL4), despite comparable increases in wind and/or
solar generation in both sets of months. Consequently,
increased wind and/or solar generation under climate
change only reduce nuclear generation during periods
of low demand, when ramping and minimum stable
load constraints on nuclear generators, which are tigh-
ter than other generators (SI.1), may force it to
turn off.

GFDL is unique among GCMs with respect to
changes in generation by fuel type in several ways.
First, under GFDL total solar generation potential
increases but dispatched generation decreases (table 3
and figure 4). In most months, changes in solar poten-
tial and dispatched generation are similar under the
GFDL projection, but in winter months (November to
February) curtailment increases (figure 6) despite
decreasing generation potential on an aggregate basis
(figure 2), reducing dispatched generation (SI.4).
GFDL also differs from other GCMs in that coal- and
gas-fired generation increase to replace decreased
solar and nuclear generation, the latter of which still
decreases due to increased wind generation in low-
demand months.

Increased wind generation potential leads to
increased curtailed wind energy in all GCMs (by
0.6-7.3 TWh) (figure 6) (SL.5), which translates to
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Figure 7. Percent change in total system CO, emissions across the 9 year period from the reference period to each climate change
projection by month.

Table 4. Change in total system production costs and CO, emissions over the 9 year period from the reference period to each climate change
projection. Total reference costs and emissions equal $46 000 million and 826 million tons, respectively. Red italics indicate decreased costs

or emissions.

GCM ACCESS CCSM4 GFDL IPSL MPI
Change in Total Costs (million $) —242 —447 1155 —216 —516
Change in Total CO, Emissions (million tons) —11 —15 26 -8 —16

slight changes in wind curtailment as a percentage of
generation potential across GCMs (—0.1 to 0.5
percentage points relative to average curtailment in
the reference period of 6.6%). Similarly, increased and
decreased solar generation potential leads to increased
and decreased curtailed solar energy, respectively (by
—0.8 to 6.0 TWh) (figure 6) (SL.5), which translates to
slight changes in solar curtailment as a percentage of
generation potential across GCMs (—0.2 to 1.3
percentage points relative to average curtailment in
the reference period of 9.5%). Across months, increa-
ses in wind and solar curtailment are least in high-
demand months, i.e. summer, and greatest in low-
demand months, i.e. winter.

3.3. Changes in system emissions and costs

Dispatching changes under climate change cause
system production cost and CO, emission changes,
which we quantify by subtracting total system
production costs and CO, emissions in the reference
period from total system production costs and CO,
emissions in each climate change projection (table 4).
Total system CO, emissions decrease in four of the
five GCMs by 8-17 million tons (1%-2%) and
increase in one GCM (GFDL) by 27 million tons
(3%). These emission changes parallel changes in
generation by fuel type, as CO,-emitting coal- and
gas-fired generation decreases in all GCMs except
GFDL. This is particularly evident with monthly

emission changes, as coal-fired generation increases
most in November to February in GFDL, in which
CO, emissions also increase the most (figure 7).
Notably, declining nuclear generation is more than
offset by increasing wind and/or solar generation, so
that CO, emissions decrease even with large nuclear
generation reductions. On a monthly basis, system
emissions decrease across four or more GCMs for six
months (figure 7), mostly in the summer when wind
and solar generation increase (figure 5) with little
increased curtailment (figure 6).

Paralleling changes in system emissions, total sys-
tem production costs totaled across all 9 years decline
in four out of the five GCMs by $200-500 million (up
to 1%) and increase in one GCM (GFDL) by $1 200
million (2%) (table 4). Increased coal and gas genera-
tion in GFDL combined with no net change in wind
and solar generation and reduced nuclear generation
increase system production costs, whereas in other
GCMs system production costs decrease due to
increased wind and solar generation. Monthly trends
in system cost changes (figure 8) parallel those of sys-
tem emission changes (figure 7). Furthermore,
monthly trends in changes in system costs and emis-
sions largely hold across the years for each GCM, so
that monthly increases or decreases in total monthly
costs or emissions are reflected in increases or decrea-
ses in monthly costs or emissions in most years (SL.6).
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3.4. Sensitivity to high natural gas prices and zonal
transmission constraints
Increasing natural gas prices from $3.3 to $6 per
MMBtu, which reduces gas-fired generation in the
reference period by 40%, has little impact on our
results. At higher natural gas prices, changes in wind
and solar generation under climate change reduce
system costs and CO, emissions in four of the five
climate change projections by up to 1% and 2%,
respectively, comparable to our above results. These
reductions are driven by changes in generation by fuel
type that are similar to our above results. Specifically,
coal- and gas-fired generation decrease in four and
three climate change projections by up to 5% and 2%,
respectively, while nuclear-fired generation decreases
in all five climate change projections by up to 7%.
Assuming interzonal transmission constraints
instead of no transmission constraints (SI.1) also has
little impact on our results. With interzonal transmis-
sion constraints, changes in wind and solar generation
yield similar changes in generation by fuel type, as in
figure 5. Consequently, as in our main analysis, system
production costs decrease in four of the five GCMs by
up to 1% and decrease in one GCM by 2%. Similarly,
system CO, emissions decrease by up to 2% in four of
the five GCMs and increase by 3% in one GCM.

4. Discussion

To understand how changes in wind and solar
generation under climate change might affect power
system operations, we compare dispatching of a high-
renewable generator fleet with hourly wind and solar
generation profiles from a reference period and five
climate change projections. Across climate change
projections, total wind generation potential of our
generator fleet increases from the reference period,
but solar generation potential increases in some

climate change projections and decreases in others.
Using a UCED model, we find these changes in
generation potential largely translate to similar
changes in dispatched wind and solar generation.
However, because changes in generation potential
differ temporally, dispatched generation of other fuel
types differs more drastically between the reference
period and climate change projections. In particular,
nuclear generation decreases across climate change
projections by up to 7%, or by more than changes in
wind and solar generation potential, because of its
relative inflexibility and increased wind and solar
generation during low-demand periods. Thus, captur-
ing variability across time in changes in wind and solar
generation potential under climate change is crucial to
fully understanding how those changes might impact
power system operations.

To assess the robustness of our results to climate
change projections, we quantify the operational
impact of wind and solar generation changes using
output from five GCMs. Relative to the reference per-
iod, we find changes in wind and solar generation will
reduce total system production costs and CO, emis-
sions by up to 1% and 2%, respectively, in four of the
five GCMs. These results suggest that in Texas, our
study system, climate change will make meeting dec-
arbonization targets through wind and solar deploy-
ment slightly easier. However, wind and solar
resources and generation potential might decrease in
other parts of the United States (Pryor et al 2012, John-
son and Erhardt 2016, Karnauskas et al 2018), where
the opposite could occur. Our results also indicate cli-
mate change will have a modest impact on power sys-
tem operations over long time periods, e.g. on an
annual basis. Consequently, technological changes in
the power sector not captured in this study, e.g.
increasing penetration of grid-scale batteries, could
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have a larger effect on operations than climate change.
Future work should study this potential interaction.

One limitation of our analysis is that it only spans
9 years and includes five GCMs. While we select these
five GCMs to represent the range of climate change
projections of eleven GCMs, a larger ensemble would
provide more confidence that our results reflect a con-
sistent response to climate change rather than a GCM-
specific response. In addition, including more years,
e.g. 30, would better capture long-term climate varia-
bility. Both changes would allow for more robust con-
clusions, and merit future research. Climate modeling
improvements, e.g. development of higher-resolution
GCMs, might yield different climate change projec-
tions, which future research should capture.

This research can be expanded in several other
ways. First, while we focus on climate change impact on
wind and solar generation potential, climate change
might also impact other power system components,
most notably electricity demand. Future research
should explore how including a broader suite of comp-
onent-level climate change impacts might alter power
system operations. Second, shifting wind and solar gen-
eration potential under climate change might also affect
power system planning, e.g. by changing the capacity
value of wind and solar. Third, our analysis focuses on
fleet-wide wind and solar generation changes, but larger
changes could occur at individual wind and solar farms
under climate change. These changes could have sig-
nificant implications for the financial viability and opti-
mal placement of individual wind and solar farms.
Finally, we view this research as a starting point for a
broader future research agenda aimed at better under-
standing how climate change affects weather dynamics
and how altered weather dynamics in turn affect power
system operations. Items in this future agenda include
exploring the physical weather processes that underlie
future changes in wind and solar resources, and drilling
down on power system operational responses at finer
temporal and spatial scales. Such research would yield
more confidence in power system operational changes
similar to those documented here and also inform the
generalizability of the results to other regions that exhi-
bit similar weather patterns.
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