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Abstract

Consequential emissions analyses of power system interventions typically overlook induced struc-
tural changes. We estimate the consequential power system emission effects of plug-in electric
vehicle (PEV) charging due to both operational effects and induced renewable investments. We
study PJM, the largest U.S. grid operator, with a grid mix representative of North America, as-
suming 10% fleet electrification. Immediate post-trip charging raises grid emission externalities
by increasing fossil fuel generation and provides little renewable investment incentives. However,
flexible, cost-minimizing charging creates economic incentives to increase wind and solar capac-
ity investment by 4.4%. The effect increases to 23% with bidirectional vehicle-to-grid (V2G). This
induced investment reverses PEVs’ emission effects: estimates ignoring capacity changes show
PEVs increase grid emissions externalities by $240-610 per PEV-year, whereas estimates account-
ing for induced renewable investments show adding PEVs reduces grid emission externalities by
$230 per PEV-year with flexible charging and $2200 per PEV-year with V2G.
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1. Introduction

The rapid adoption of plug-in electric vehicles (PEV) and the wide deployment of wind and solar
power are at the center of climate actions of many major economies. Global PEV sales in 2023
exceeded 14 million, accounting for 15.8% of all new car sales, up from 2.6% in 2019 and 5% in 2020
[1]. With the steady decline of PEV costs and commitment to current and future PEV incentive
policies, PEV sales will likely continue to grow in the coming decades [1, 2]. Deployment of wind
and solar power (referred to as WSP in short) has also grown significantly in recent years due to
falling costs and policy support aimed at reducing power sector emissions [3, 4]. In the U.S., wind
and solar supplied 14% of all electricity demand in 2022, up from 2% in 2010.

While expanding PEV fleets and growing wind and solar capacity are critical to mitigating climate
change, they also make it more challenging to reliably balance electricity supply and demand
[5-7]. Additionally, increasing wind and solar penetration can suppress electricity prices and
thus reduce electricity revenues for generators, which could make it uneconomical to reach high
levels of wind and solar penetration [8-10]. To overcome these challenges, load flexibility could be
helpful. PEVs have the potential to provide load flexibility through cost-minimizing PEV charging
and bidirectional vehicle-to-grid (V2G) technology [11-15], and this potential could substantially
affect the power system emissions implications of growing PEV load.

Past studies estimating the consequential effect of PEV charging on power systems typically cap-
ture the effect of PEV load on power system operations while assuming the generation infrastruc-
ture is exogenous and unaffected by PEV load, as shown in Table 1’s left column [16-28]. Gagnon
et al. [29] and Holland et al. [30] argue that this short-run approach is misleading because it
misses the potential for load increase to induce new wind and solar construction, fundamentally
affecting the long term potential benefits of the transition to PEVs. To date, the few studies that
have attempted to estimate the effect of PEV load on generator capacity have all used simplified
or non-representative load profiles (which can have different implications for incentivizing wind
and solar construction) and/or have excluded cases with cost-minimizing charging or vehicle to
grid, as shown in Table 1’s right column [31-39] (a more detailed breakdown of this literature is
provided in the Supplemental Information).

We bridge this gap by developing a model to estimate how power system generation capacity is
endogenously affected by PEV load, cost-minimizing charging, and vehicle to grid (addressing
the bottom-right corner of Table 1). We leverage a power systems optimization model of the PJM
Interconnection — the largest regional transmission organization in the United States serving 65
million people across 13 states and the District of Columbia with a grid mix similar to North
America as a whole [7, 19, 20, 40]. Based on PJM’s Interconnection queue and capacity expansion
study, we model the generation fleet with different wind and solar capacity levels. We simulate
grid operations both with and without added PEV loads across these wind and solar capacity
levels, and we identify maximum economical wind and solar capacity levels under each PEV load
scenario.

We find that, with uncontrolled charging, transitioning 10% of the vehicle fleet to PEVs increases
power grid greenhouse gas and air pollutant emission externalities by $330 per PEV in 2035 (1.59
tons of CO, per vehicle or 1% of overall power system externalities) by increasing generation
from existing fossil fuel generators, compared with a no PEV base case. Uncontrolled charging
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Table 1: Contribution to the literature: We estimate effects of PEV load on power system generator capacity using
realistic BEV load profiles, cost-minimizing charging and V2G scenarios

Effect of PEV load on
power system generator capacity
Ignored Included
Realistic high-resolution BEV charging No | [21, 23, 24, 27, 41] | [31-39, 42, 43]
profiles with V1G and/or V2G  Yes [7, 16-20] This paper

minimally increases investment in wind and solar capacity (only 300 MW increase). When ca-
pacity expansion is ignored, charging with cost-minimizing charging and V2G increases these
emission externalities by $240 and $610 per PEV, or 1.03 tons and 2.34 tons of CO; per vehicle,
respectively, compared with a no PEV base case. However, when capacity expansion is modeled,
cost-minimizing charging and V2G reduce power system air emission externalities by $230 and
$2200 per PEV, respectively, compared to a no PEV base case. This is achieved by increasing
the cost-effective levels of wind and solar capacity by 4.3% and 23%, compared to a no PEV base
case. The potential for PEV charging to trigger infrastructure investment that reduces emissions
implications is consistent with[30] and [37], and our study finds that flexible charge timing and
especially V2G can make this effect large enough to flip the direction of PEV charging effects on
power system emissions. Thus the ability of flexible PEV load to incentivize new wind and solar
construction produces the result that adding additional demand for electricity can result in a net
reduction in power system emissions.

2. Results

We model PEVs with three kinds of charging behaviors: uncontrolled charging (UC), cost-minimizing

charging (CC), and vehicle-to-grid (V2G). In uncontrolled charging, vehicles are fully charged as
soon as plugged in at home at the end of the day. In cost-minimizing charging, charging is co-
optimized with power system dispatch within constraints, such as requiring the vehicle to be
fully charged before morning departure. In V2G, charging and discharging back to the grid is
co-optimized with power system dispatch, within constraints. A more detailed description is
provided in Section 4.1 and Section 4.2 in the Materials and Methods section.

2.1. Wind and solar capacity investment induced by PEV charging

To capture the long-run effects of PEV charging on the power system, we calculate the maximum
profitable wind and solar installation under each charging intervention scenario. Annual hourly
power system operation is simulated to acquire short-term revenue results for wind and solar
under a range of wind and solar capacity scenarios. The aggregate revenues are then compared
with the aggregate annualized fixed cost associated the installed capacity. We define the maxi-
mum profitable capacity as the highest capacity for which revenue exceeds annualized fixed costs
(variable generation costs are considered negligible for wind and solar). Aggregated results for
wind and solar generators are depicted in Figure 1. When aggregated wind and solar revenues
equal total fixed costs (labeled intersection points in Figure 1), capacity achieves its maximum
profitable level.
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In a baseline PJM system without PEVs, we estimate combined solar and wind capacity could
reach 63.9 GW while maintaining profitability (Figure 1) assuming moderate projected wind and
solar fixed cost through 2035 (55.9 to 70.8 GW at low and high projected wind and solar costs).
Projected costs used to assess annualized fixed costs for wind and solar power are described in
method Section 4.5. Installed wind and solar capacity in PJM as of the end of 2023 totalled 22
GW, and 143 GW sit in the interconnection queue, indicating ample interest in further wind and
solar deployment [44]. Converting 10% of vehicles to PEVs in PJM can significantly increase the
maximum profitable capacity of wind and solar, depending on the charging strategy used. With
uncontrolled charging, the maximum profitable capacity of wind and solar increases by only 300
MW, indicating PEV deployment with uncontrolled charging only induces negligible investment
in wind or solar power. But with cost-minimizing charging, the maximum profitable capacity
of wind and solar increases by 2.8 GW (a 4.4% increase) bringing the total combined wind and
solar capacity to 67 GW. With V2G, the maximum profitable capacity of wind and solar capacity
increase by 15 GW (a 23% increase), bringing the total capacity to 80 GW.

Uncontrolled PEV charging tends to add load when wind and solar generation is low, yielding
little induced capacity investment. Conversely, cost-minimizing charging of PEVs allows PEV
load to be shifted to periods with low net demand, when wind and solar generation is high. Cost-
minimizing charging thus reduces wind and solar curtailment and increases electricity prices in
these hours, increasing revenues and making a higher level of wind and solar capacity investment
profitable. In addition to charge timing flexibility, V2G also provides storage services, resulting
in larger benefits for wind and solar revenue and inducing greater investment.

2.2. Electricity generation induced by PEV charging

PEV charging affects power system electricity generation directly by increasing demand or, in
the case of V2G, providing electricity storage to the grid, and it also affects generation indirectly
through induced investment in wind and solar capacity (Figure 2). Here, we separate these two
factors by comparing two sets of scenarios that (1) ignore or (2) capture induced wind and solar
investment by PEVs. Within each set of scenarios, we quantify the effect of PEVs on electricity
generation by comparing scenarios with PEVs and different charging strategies to a reference
scenario without PEVs.

When we ignore induced wind and solar capacity investment, PEVs with uncontrolled charging
increase combined cycle natural gas generation by 6.4 TWh relative to the NoPEV case, or 1.1
MWh per MWh of PEV charging. As the uncontrolled charging demand roughly coincides with
the daily load peaks, when renewable generation is low, PEV load is met with combined cycle
natural gas generators. Little curtailment of wind and solar occurs (0.5% of total generation), and
uncontrolled charging does not align with curtailed renewables, so it does not mitigate curtail-
ment. Cost-minimizing charging and V2G provide additional flexibility demand timing, allowing
the system to use otherwise curtailed renewables. Due to low wind and solar curtailment rates,
cost-minimizing charging only increases wind and solar generation by 0.18 MWh per MWh of
PEV charging. Instead, cost-minimizing charging increases low-marginal-cost coal generation by
1.2 MWh, combined cycle natural gas generation by 2.0 MWh, and nuclear generation by 0.17
MWh per MWh of PEV charging. Demand flexibility enabled by cost-minimizing charging also
leads to a 2.5 MWh reduction in high-marginal-cost gas turbine natural gas generation per MWh
of PEV charging. Similar changes occur with V2G charging. V2G only increases wind and solar



118

Wind and solar annual total revenues against annualized fixed costs

’5 7.5
18 Wind and Solar &@
o Annualized <
& Fixed
4 Costs
% 7.0
&
b7
o
19}
5 6.5
o)
=}
8
B
5 6.0
-
=
0
2]
T
E
ko] 8.5 1 (Uncontrolled
k=] Charging)
2 =
g (NoPEV)
£ 5.0 L . . .
52 58 64 70 76 82 88 94
Total wind and solar capacity installations (GW)
Induced wind and solar capacity investment
I 3.0
7 4
6 - - 2.5

[é;]
1
T
o
o

w
1

per 1000 PEV (MW)
>
5

Capacity investment

)
&
Capacity investment
per GWh of PEV charging (MW)

- 0.5
1- [ e ]

0 T T T 0.0
Uncontrolled charging Cost-minimizing charging Va2G

Figure 1: Effect of PEV charging load on the economics of wind and solar capacity investment. Top panel: Total rev-
enues and total annualized fixed costs for solar and wind generators, by PEV and PEV charging intervention scenarios
and by wind and solar fixed cost scenarios. (high): conservative fixed cost scenario, (mid): base case fixed cost scenario,
(low): optimistic fixed cost scenario. Wind and solar are modeled together at a fixed ratio, as described in the Method
section. For each cost case we find the intersection of the annualized total fixed cost curve and the revenue curve, the
intersection represents the maximum profitable total wind and solar capacity. Beyond this point additional wind or
solar capacity cannot be added profitably. Bottom panel: Wind and solar capacity investment induced by PEV charging
interventions, including uncontrolled charging (UC), cost-minimizing charging (CC) and vehicle-to-grid (V2G), relative
to the NoPEV baseline scenario. Changes of the maximum profitable wind and solar capacity compared to the NoPEV
baseline scenario are considered capacity investment induced by PEV and PEV charging interventions. The currency
unit is 2024 USD. $ BN is short for billion USD. Further detailed methods are described in method Section 4.3.

generation by 0.50 MWh and nuclear generation by 0.46 MWh per MWh of PEV charging, while



119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

4

142

143

144

145

146

147

148

149

150

151

152

153

increasing coal generation by 3.6 MWh, combined cycle natural gas generation by 0.84 MWh. Gas
turbine natural gas generation is reduced by 4.4 MWh per MWh of PEV charging.

When we account for induced wind and solar capacity expansion, the effect of PEVs on the gener-
ation mix changes substantially under cost-minimizing charging and V2G scenarios but not under
the uncontrolled charging scenario. Uncontrolled charging does not induce significant wind and
solar capacity investment (0.2 GW, Figure 1), so generation mix changes are the same when ac-
counting for or ignoring induced wind and solar capacity investment. But cost-minimizing charg-
ing and V2G scenarios do induce wind and solar investment, resulting in increasing wind and solar
generation that displaces coal- and gas-fired generation. With cost-minimizing charging, addi-
tional flexibility increases wind and solar generation by 1.3 MWh per MWh of PEV charging, coal
generation by 0.80 MWh, and combined cycle natural gas generation by 1.4 MWh. Gas turbine
generation is reduced by 2.4 MWh per MWh of PEV charging. With V2G, additional flexibility
increases wind and solar generation by 7.7 MWh per MWh of PEV charging, and coal generation
by 1.2 MWh. Gas turbine generation is reduced by 4.4 MWh, and combined cycle natural gas by
3.3 MWh per MWh of PEV driving.

As aresult of generation mix changes, total system costs differ under different charging scenarios.
When ignoring induced wind and solar capacity investment, total system costs under V2G are 6%
lower than without PEVs (a $400 per PEV per year reduction). When accounting for induced wind
and solar capacity investment, total system costs under V2G are 13.4% lower than without PEVs
(an $880 per PEV per year reduction).

2.3. Air emission externalities induced by PEV charging

PEV charging affects power system greenhouse gas (GHG) and local air pollutant emissions
through its effect on induced capacity investment and electricity generation (Figure 3). We esti-
mate externality costs of these emissions using a $204 per mt CO,eq social cost of carbon [45]
and using the AP3 model for estimating air pollution-related mortality risk with a $8.7M value of
reduced mortality risk [46].

When we ignore induced wind and solar capacity investment, PEV charging increases emissions
externalities by increasing fossil-fuel generation ( Figure 2). As shown in Figure 3 PEV adoption
increases overall 2035 power system air emission externalities by $330, $240 or $610 per PEV
when charging is uncontrolled, cost-minimizing, or V2G, respectively.

When we account for induced wind and solar capacity investment, uncontrolled PEV charging
still increases power system air emission externalities by $330 per PEV, as before, but because cost-
minimizing charging and V2G induce new wind and solar capacity investment, PEV charging re-
duces total power system air emission externalities by $230 or $2200 per PEV for cost-minimizing
charging and V2G, respectively.
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Figure 2: Effect of PEV charging load on power generation. Changes in annual generation by fuel type, relative to the
NoPEV case, for each PEV charging scenario when ignoring versus including induced wind and solar capacity invest-
ment. When accounting for induced wind and solar investment, Wind and solar capacity and therefore generation vary
across PEV charging scenarios. "UC’: uncontrolled charging; ’CC’: cost-minimizing charging; ’V2G’: vehicle-to-grid.
"CCNG’ fuel type includes combined cycle natural gas generators. *Other’ fuel types include biomass, fossil waste, fuel
cell, hydro, landfill gas, municipal solid waste, non-fossil waste, and oil or gas steam.
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Figure 3: Effect of PEV charging on power system air emission externalities. Change in total power system air emission
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scenario when ignoring versus including induced wind and solar capacity investment. The ’ignored’ scenarios use
generation portfolios given by PJM’s grid planning study for 2035 [47]. The ’included’ scenarios consider wind and
solar capacity at maximum profitable capacity, as described in Method and Materials. 'GHG’ is short for greenhouse
gases. When induced wind and solar capacity investment is ignored, PEV load increases power system air emission
externalities. When it is included, uncontrolled PEV load increases power system air emission externalities, but cost-
minimizing charging (CC) and vehicle-to-grid (V2G) scenarios induce enough wind and solar capacity investment to
produce a net reduction in power system air emission externalities.
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2.4. Sensitivity analysis

Under all sensitivity scenarios, V2G benefits persist in 1) inducing wind and solar capacity in-
vestment; 2) system cost reduction; and 3) power system emission externality reduction (shown
in Table 2). However, substantial variations exist depending on the tested parameters. Detailed
results for each sensitivity scenario are in the SL

Changing from the base case to the high renewable fixed cost scenario led to a 10% decrease in
induced investment in wind and solar capacity per PEV, a 3.6% decrease in system cost reduction
per PEV, and a 15% decrease in emission externality reduction per PEV. Changing from the base
case to the low renewable fixed cost scenario led to a 9.9% increase in induced investment in wind
and solar capacity per PEV, a 0.22% decrease in system cost reduction per PEV, and a 15% decrease
in emission externality reduction per PEV. Though fixed costs vary substantially across the three
scenarios, V2G contribution to system cost reductions and emission externality reductions are
substantial, indicating the robustness of results against fixed cost levels. Meanwhile, since the
real discount rate assumed by the model also determines fixed costs, the fixed cost sensitivity
results also indicate the robustness of results against real discount rate.

Increasing stationary storage capacity from 5.4 GW (42 GWh) to 14 GW (56 GWh) led to a 74%
decrease in induced investment in wind and solar capacity per PEV, an 80% decrease in system cost
reduction per PEV, and a 71% decrease in emission externality reduction per PEV. The significant
dilution of the V2G value in a power system with high stationary storage capacity suggests the
substitution of stationary storage by V2G.

Doubling transmission storage capacity led to a 21% increase in induced investment in wind and
solar capacity per PEV, a 25% increase in system cost reduction per PEV, and a 32% increase in
emission externality reduction per PEV. The significant enhancement of V2G value in a power
system with high transmission capacity suggests synergies between transmission capacity ex-
pansion and V2G.

Increasing PEV fleet penetration from 10% to 20% resulted in a 15% decrease in induced investment
in wind and solar capacity per PEV, a 19% decrease in system cost reduction per PEV, and a 32%
decrease in emission externality reduction per PEV. Despite doubling PEV penetration, the con-
tribution per PEV to cost savings and emission reductions was not severely diluted, highlighting
the scalability of PEV integration.

Adjusting the wind-to-solar capacity ratio from 1.17 to 1.43 led to a 4% increase in induced invest-
ment in wind and solar capacity per PEV, a 14% increase in system cost reduction per PEV, and a
4% increase in emission externality reduction per PEV. Adjusting the wind-to-solar capacity ratio
from 1.17 to 0.96 led to a 20% increase in induced investment in wind and solar capacity per PEV, a
14% increase in system cost reduction per PEV, and a 4.5% increase in emission externality reduc-
tion per PEV. The higher performance of V2G under the high solar scenario could be attributed
to the relatively low costs of solar PV compared to wind.

The sensitivity analysis shows variations in system cost reduction and emission externality re-
duction across different parameter settings. However, the value of V2G remains positive in all
cases, demonstrating its potential to deliver consistent benefits across a variety of system condi-
tions.
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3. Discussion and Limitations

3.1. Limitations and caveats

Our estimates are based on optimal grid operations and optimal use of PEV charging flexibility.
In practice, benefits may be somewhat lower because of limitations in the ability to forecast load,
variable renewable generation, and PEV availability, and to coordinate charging decisions among
millions of PEV households.

We acknowledge that V2G may potentially change battery degradation, and device/infrastructure
upgrades could be required for V2G. If such costs are accounted for during V2G operation, there
will be fewer energy arbitrage opportunities for V2G. As a result, V2G could produce lower cost
reductions and emission reduction benefits. However, some studies have suggested Li-ion batter-
ies are very durable to cycling, and additional battery cycling from V2G may not be problematic
[48-54].

We treat wind and solar together assuming a fixed 54% to 46% capacity ratio based on the mix
of wind and solar resources in the interconnection queue. Moreover, we assume future wind
and solar capacity expansion will follow the current geographical distribution. Actual wind and
solar build-outs may be more strategic, adding uncertainty to our estimates. For example, optimal
wind and solar development may result in less curtailment than under a fixed ratio assumption.
Hence flexible loads and storage provided by cost-minimizing charging and V2G would render
less valuable. We run sensitivity analyses with high wind capacity and high solar capacity re-
spectively. In the high wind case, V2G’s cost reduction is 14% higher than under the base case,
and the emission externality reduction is 4.0% higher. In the high solar case, V2G’s cost reduction
is 14% higher than under the base case, and the emission externality reduction is 4.5% higher.
The analysis reveals variability in the magnitude of results; however, the value of V2G remains
positive and substantial under all tested conditions, reinforcing its potential to deliver economic
and environmental benefits. More details are provided in the SI.

Our estimated benefits are based on wind and solar investment decisions driven by economic
viability. Other factors, such as national, state, and local regulations, incentives, process delays,
or political factors may also influence realized investment decisions in practice. For example,
wind and solar PV projects make up 93% of PJM’s interconnection queue, but a growing backlog
of new wind and solar project requests indicates the interest in investment is not matched by the
actual build-out[55]. Furthermore, we analyze a state of long-run equilibrium, where all profitable
wind and solar generators are built, representing long-run perfect competition where free entry
and exit result in implementation of all profitable construction (in contrast to single firm profit
maximization, where marginal cost equals marginal revenue). In doing so we ignore the time
lag between market, investment, and the actual buildout, and we ignore other deviations from
perfect competition outcomes. For simplicity, data availability, and computational reasons, we
also assume that generation profiles and expansion costs are identical across all wind and across
all solar generators, regardless of location. Location-resolved values could improve upon our
estimates.

Our power system model accounts for planned capacity changes in the generator fleet covered in
EIA Form 860 and projected in PJM’s 2021 Energy Transition study, but we do not consider the
potential impacts of future policies on the power system [47]. As a result, coal-burning generation

11
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capacity in this study may differ from the real world, depending on the policy environment. We
assume the same coal power plant capacity to match the projected coal capacity in the ’Acceler-
ated’ scenario of PJM’s 2021 Energy Transition study [47]. However, state and federal regulations
such as the Revised Clean Air Act Section 111(d) could eliminate coal power plants by 2035, and
other changes in policy could accelerate or delay coal retirement.

We do not model transmission capacity expansion endogenously, but we run a sensitivity analysis
with double the transmission capacity of the base case to investigate this uncertainty. In the
high transmission cases, V2G yields 25% more system cost reduction and 32% more emission
reduction compared with the base case. This indicates synergies instead of competition exist
between transmission capacity expansion and V2G. More details are provided in the SI.

We only model flexible loads from PEVs and none from other sources. Other flexible loads and
increases in PEV fleet size may dilute the benefits of PEV cost-minimizing charging and V2G.
We run a sensitivity analysis where 8.4 GW stationary storage is added to the system and a case
with a PEV penetration of 20% instead of 10% in the base case. In the high storage case, the
cost reduction and emission externality reduction benefits per PEV are reduced by 80% and 71%.
In operation, V2G provides energy storage services, filling the same role as utility-scale storage
units. In the high PEV penetration case, the cost reduction and emission externality reduction
benefits per PEV are only reduced by 19% and 32% respectively. More details are provided in the
SL

We note that alternative “uncontrolled” charging schedules, such as daytime charging rather than
charging after the last trip of the day, could potentially create different incentives for wind and so-
lar capacity investment, which could also affect consequential emissions of PEV charging without
cost-minimizing charging [39].

3.2. Discussion

We find that a 10% increase in PJM PEV adoption does not induce additional wind and solar
capacity investment when each vehicle is charged (uncontrolled) after the last trip of the day. But
when PEV charge timing is scheduled to minimize cost, and especially when PEVs have bidirec-
tional V2G capabilities, adding PEV load can increase profitable levels of wind and solar capacity
investment so much that net power system air emissions externality costs actually drop.

Our estimates suggest that the adoption of cost-minimizing charging or V2G reduces the power
system air emission externality cost consequences of PEV adoption by $230 and $2200 per PEV
per year, respectively, in 2035 PJM, suggesting a policy rationale for incentivizing adoption of
cost-minimizing charging and V2G. Our estimates also suggest that consequential life cycle air
emissions externalities of PEV adoption may be smaller than estimated in prior studies [20] if the
PEVs use cost-minimizing charging or V2G.

Home chargers capable of receiving signals from a utility and adjusting the timing and rate of
charging in response are needed to enable cost-minimizing charging. For V2G, this term some-
times implies bidirectional flow to and from the power grid, which requires special grid con-
nections typically unavailable at the household level. But the term V2G sometimes implies only
bidirectional flow from the vehicle to the home to displace household load without requiring a
bidirectional connection between the home and the power grid (also known as vehicle-to-home).
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Our analysis is agnostic to these V2G variations so long as household load exceeds vehicle dis-
charge in the analysis. However, the V2G cases that we model implicitly assume bidirectional
communication between the vehicle and the power grid, which is needed to determine whether
PEVs are plugged in and how much headroom PEV batteries have to charge or discharge at a
given moment. The development of such communication systems and algorithms to aggregate
information and distribute control would be necessary to realize large V2G adoption of the type
modeled here.

We use the term “long-run consequential emissions” for our estimates and avoid the term “long-
run marginal emissions” used in [29] because marginal emissions are a special case of conse-
quential emissions for which the change in question is a single unit (for discrete quantities or
the derivative for continuous quantities) [56]. Our study involves a 10% change in PEV adoption,
which is too large to be considered marginal.

We focus on PEV charging load, but other kinds of grid interventions with flexible loads also have
the potential to induce wind and solar capacity investment. For example, building electrification
with the deployment of air source heat pumps can increase grid emissions due to additional load
[57-59]; however, combined with load control, the additional load can incentivize solar and wind
investment, which serves not only the heat pump load but also the rest of the power system, thus
helping to facilitate the decarbonization of the whole power system. To harness the discussed
benefits, it is suggested that power system operators and energy management service providers
actively explore both the technical and economic viability and market designs for potential grid
flexibility solutions. With mature business models, these grid flexibility solutions may help the
power system reduce both costs and emissions in its transition to carbon neutrality.

4. Materials and Methods

This study develops an approach to assess emission effects of grid intervention technologies in
both power system operation and in power system structural changes. The analysis is based on
a short-term power system operational cost model that has an embedded PEV behavioral mod-
ule. The short-term model allows highly resolved representation of real-world PEV operational
constraints. Then short-term operational results are translated to long-term capacity expansion
decisions and thus inform long-term structural changes of the power system. In the end, emission
changes in greenhouse gases (GHG) and local air pollutants are assessed considering the induced
capacity expansion. As a case study, we analyze a 2035 version of the PJM Interconnection un-
der three grid interventions: PEVs with uncontrolled charging, cost-minimizing charging, and
vehicle-to-grid (V2G).

4.1. PEV behavioral model

As we use a short-term operational cost model to simulate power system operation, we are al-

lowed higher granularity when it comes to mathematical abstraction of PEV operational constraints[41,

60]. We model an electric light-duty vehicle (LDV) fleet that takes up 10% of the LDV fleet in
PJM. This PEV stock penetration is plausible, as PEV penetration in new light-duty vehicle sales
is expected to reach 11% in 2024 in the US, and the US market is expected to grow [1]. To test
result robustness, we also run sensitivity analyses with 20% PEV penetration. As computational
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power is limited, a simplifying assumption is made that the PEV fleet is made up of generic battery
electric vehicles with a 300 mile (480 km) range.

We model three kinds of charging behaviors: uncontrolled charging, cost-minimizing charging,
and vehicle-to-grid (V2G). When the electric vehicle charging is uncontrolled, the PEVs engage in
convenience charging, meaning PEVs fully charge their battery at the maximum available charg-
ing rate at the end of each day at home. Under cost-minimizing charging, the PEVs are always
plugged in and can be charged when parked. The charging schedule is co-optimized with the
power system economic dispatch during the hours that the PEV is parked and plugged in and
within battery capacity constraints. PEVs are required to be fully recharged before the first trip
of the following day to be ready for travel. The third charging behavior is V2G. Under V2G, PEVs
are always plugged in when parked and can participate in V2G. PEVs that participate in V2G can
release energy to or draw energy from the power grid, within operating constraints, allowing
charging rates to be negative. The detailed model representation of these operational constraints
is described in SL

In order to represent PEV energy consumption and charging availability across the fleet, we use
15 weighted daily vehicle travel profiles from the National Household Travel Survey (NHTS) to
represent 15 groups of PEVs with distinct driving profiles selected to mimic the behavior of the
overall fleet as closely as possible, as described in Weis et al. 2014 [34]. These daily driving profiles
include the time of the first trip and the last trip of the day, hourly plugged-in availability, and
hourly vehicle miles traveled of each hour of the day. The hourly plugged-in availability describes
the proportion of PEVs in each PEV behavioral group that are parked and available for charging.
Each PEV group has its distinctive driving behavioral pattern. Besides PEVs that are driven, we
also model PEVs that are not driven on that day. The NHTS data indicates 30% of vehicles whose
owners were surveyed are not active and do not have travel records on the day of survey. Hence,
we also a group of PEVs that do not have driving events for the day. For simplicity and due to
data limitations, energy consumption profiles and availability profiles are assumed to be the same
every day throughout the year for each group, and driving behavioral patterns are assumed to be
homogeneous within each group. The total numbers of PEVs in each region of PJM is calculated
as proportional to the region’s population. We compared the 2009 NHTS dataset and the 2017
dataset and found that daily vehicle miles traveled per household did not change significantly,
and thus we adopt the 2009 analysis used in [34].

4.2. Power system model

We run a unit commitment and economic dispatch (UCED) model to simulate the day-ahead en-
ergy market and reserve requirements of the PJM Interconnection. This model was first developed
by Lueken et al. [40] and later adapted by Weis et al. [7, 19] to incorporate electric vehicle bat-
tery charge tracking. The UCED model minimizes variable costs of generators including variable
operation and maintenance costs, startup costs, and fuel costs in sliding 48-hour optimizing win-
dows. After solving each window, the model accepts the results of the first 24 hours and moves
forward by 24 hours until a full year’s optimization is completed. Our UCED models the PJM
Interconnection as 5 transmission-constrained regions, inside each of which there is assumed to
be no transmission losses or constraints. In each region, energy demand is constrained to be equal
to supply at every time step, and reserve requirements must be met. Operational characteristics
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of dispatchable generating units, including ramp rates, minimum uptime, and minimum down-
time, are modeled through sets of constraints. The operation of solar and wind generators is also
modeled, where excessive wind and solar generation can be curtailed when needed.

We incorporate each PEV charging scenario into the UCED model. PEV uncontrolled charging
load is added to the baseload, as it is inflexible. PEVs with cost-minimizing charging and V2G are
modeled similarly to storage units with limited availability: charging and discharging are limited
by the hourly availability of PEVs that are plugged in, and they need to be fully charged before the
first trip of the following day. As discussed in method Section 4.1, 30% of PEVs do not have driving
events on any given day. We model this group of PEVs as stationary storage with the same power
capacity and energy capacity. During the day, energy depletion from driving is modeled as energy
drawn from batteries, realized through extra sets of constraints that track PEV battery states of
charge and regulate their charging and discharging rates. The detailed model formulation can be
found in the SI.

4.3. Power system scenarios and data sources

Given expected wind and solar capacity growth in PJM’s near-term plans and the fact that wind
and solar account for most of PJM’s interconnection queue [47, 61], we model a 2035 PJM power
system by increasing wind and solar installed capacity from the current PJM system. We use a
PJM system dataset that was first compiled by Weis et al. 2016 and updated by Bruchon et al. 2024
[7, 20]. This dataset includes operational characteristics of dispatchable generators, including heat
rate, capacity, location, variable operation and maintenance costs, ramp rates, minimum up and
down time, startup cost, and minimum load from the U.S. Energy Information Administration
(EIA) Form 860, the National Flectric Energy Data System (NEEDS) dataset from 2020, and other
data sources described in Weis et al. 2016 [7, 62, 63]. Retirement and new installations of dis-
patchable generators (mainly fossil fuel generators) are based on planned generator retirements
and installations through the scenario year 2035 [20, 62]. We assume the same coal power plant
capacity as the projected coal capacity in the ’Accelerated’ scenario of PJM’s 2021 Energy Tran-
sition study[47]. The baseline wind and solar penetration as a percentage of total demand is 22%,
based on the "Policy’ scenario of the study. Since we analyze beyond the wind and solar pene-
tration of the "Policy’ scenario and investigate further decarbonization, we used the ’Accelerated’
scenario for coal capacity. We first implement all retirement scheduled by Form 860, and retire
the remaining coal power plants, from the plants with the oldest NEEDS online years, until the
total capacity matches the capacity assumed in the PJM study. The total capacity of dispatchable
generators excluding hydro electric generators is 170 GW. This dataset models existing storage
units based on 2020 EIA Form 860 and storage capacity expansion based on PJM’s energy tran-
sition study [47, 62]. Combining pumped hydro storage and battery storage, PJM is assumed to
have 5.4 GW (42 GWh) grid-scale storage units. PJM’s DataMiner provides 2020 hourly wind and
solar generation profiles, load profiles, and transfer limits across PJM [64]. Fuel prices for each
fuel type are retrieved from 2019 EIA Form 923 data[65].

PJM’s recent energy transition and grid planning study models a "Policy’ Scenario where wind and
solar supply 22% of total electricity consumption by 2035 with stated policies, and an ’Accelerated’
Scenario where wind and solar supply 50% of total electricity consumption by 2035[47]. Active
solar PV and wind projects in PJM’s interconnection queue reached 207 and 103 GW, respectively,
as of June 2024, indicating mounting interest in wind and solar development [61]. Based on
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PJM’s ’Policy’ and ’Accelerated’ Scenarios and the PJM Interconnection queue, we create 25 high
wind and solar penetration scenarios that increase wind and solar generation from 22% to 46%
of electricity consumption (excluding PEV and assuming no curtailment) in 1% increments. Solar
and wind capacities in our generator fleets range from 24 to 56 GW and 27 to 66 GW, respectively.
To estimate hourly wind and solar generation for each of our 25 scenarios, we combine historic
wind and solar output and installed capacity with wind and solar capacity expansion projections
from PJM[47, 64]. First, we spatially aggregate 2020 historic observed generation and capacity of
solar PV and onshore wind from 20 control zones in PJM to our five regions[64]. For each of our
five regions, we use generation and capacity to calculate hourly capacity factors for solar PV and
wind by region. We assume the same capacity factors for onshore and offshore wind given a lack
of historic generation data for offshore wind. Offshore wind only accounts for up to 15% of wind
and solar capacity in our scenarios.

To scale up wind and solar capacity to create each of our 25 scenarios, we assume the capacity ratio
of future wind and solar project types will remain the same as projected in PJM’s energy transition
study[47]. First, we use PJM interconnection queue to determine how the capacity expansion is
distributed across regions for wind and solar, i.e. what percentage of wind and solar is installed
in each of the 5 regions [64]. The ratio of capacity installation of solar to wind for the whole PJM
is determined using the PJM energy transition study [47], i.e. what is the ratio of solar capacity
installation to wind capacity installation for the whole PJM. With this fixed ratio of wind and
solar capacity, we scale up both two capacities until total wind and solar generation, calculated as
regional capacity times regional capacity factor by generator type, equals the desired combined
wind and solar penetration. This method may overestimate future wind or solar capacity factors
given that higher resource sites are likely to have already been developed, but efficiency gains in
wind and solar technology will at least partly counteract this effect.

We run annual UCED simulations for all pairwise combinations of our 25 wind and solar scenarios
and 4 PEV charging scenarios (no PEVs and PEVs with uncontrolled charging, cost-minimizing
charging, and V2G, described in method Section 4.1), yielding 100 UCED simulations that al-
low us to quantify PEV impacts at varying wind and solar penetration levels and charging ap-
proaches.

4.4. Air emission externality costs

We quantify operational stage power system greenhouse gas (GHG) and local air pollutant emis-
sions and estimate consequent air emission externality costs. Emission factors of GHGs and local
air pollutants for each generator are retrieved from the National Emissions Inventory (NEI) [66].
For generators that cannot be found in NEI, we substitute with the average emission factor in NEI
based on the fuel type. To estimate air emission externality costs, we use a social cost of carbon
of $204/ton CO,e [45] for GHGs. For local air pollutants, we assess emissions of sulfur dioxide
(SO,), nitrogen oxides (NOx), ammonia (NH3), fine particulate matter (PM, 5), and volatile organic
compounds (VOCs). Externality costs from local emissions are calculated on a spatially-explicit
basis using the Air Pollution Emission Experiments and Policy (APEEP) model, version AP3, and
mortality risk is monetized using a $8.7 million value of reduced mortality risk [46].
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Figure 4: An explanatory diagram of how we translate short-term operational results into long-term capacity invest-
ment decisions.

4.5. Assessment of induced wind and solar capacity investment

Short-term operational results are translated to long-term structural changes in the power system
(see Figure 4). Annual operational results are produced for a range of wind and solar penetra-
tions. The penetration level where the annual revenues of wind and solar generators are equal to
their annual costs is then identified. The penetration level of revenue-cost equilibrium is used to
represent the maximum penetration level.

Solar and wind generators have negligible variable costs, and therefore marginal generating costs,
in the short term. However, fixed costs, which equal annualized capital expenditures plus fixed
operation and maintenance (O&M) costs, need to be covered by revenues for wind and solar
generators to maintain profitable. To assess the profitability of wind and solar generators, we
define net profits as the sum of revenues minus annual fixed costs. We assume wind and solar
generators have two revenue streams: income from the energy market and income from PJM’s
capacity market. We assume the 1 year’s operation repeats throughout generators’ lifetime, as
most capacity expansion models do. Hence the revenue-cost balance represents its full lifecycle
economic viability.

To estimate energy market revenues, we obtain hourly electricity prices for each of our five re-
gions from our UCED model. These regional prices are the Lagrange multipliers of each region’s
energy balance constraint, which represent the marginal cost of supplying additional load in each
region. By summing the product of hourly regional electricity prices and regional generation for
wind and for solar, we determine total annual revenues by type in each region from the energy
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market. To estimate capacity market revenues, we use market mechanisms from PJM’s capacity
market, or its Reliability Pricing Model (RPM) [67]. Though the capacity value of wind and solar
generators may decrease as penetration increases, it remains uncertain how the capacity mar-
ket assesses the contribution of wind and solar sources [8, 68]. PJM derates capacity offers from
generators based on their effective load carrying capability (ELCC), which reflects generator vari-
ability and availability throughout the year. PJM sets the ELCC at 0.15, 0.40, 0.38 for onshore wind,
offshore wind and solar PV, respectively [69]. Wind ELCC is set at 0.233 as onshore wind accounts
for one third of wind capacity expansion. We estimate wind and solar revenues from the capacity
market as the product of capacity, the prior ELCC values (assuming the same value for onshore
and offshore wind), and the latest average capacity market clearing price (USD 28.92/MW per
day) [69]. Regional wind and solar revenues and costs are summed to obtain PJM-wide revenues
and costs, which we present in our results.

For computational tractability, we assume system prices, and therefore generator revenues, over
this year represent annual prices and revenues over the lifetime of the project, a similarly myopic
assumption as in capacity expansion models that sample periods from a single year for making
investment decisions.

We obtain fixed wind and solar costs from the National Renewable Energy Laboratory’s Annual
Technology Baseline (ATB) for year 2030 [70]. As we model year 2035, fixed costs at 2030 would
be reasonably representative of fleet average, being the midpoint between the present and the
scenario year. Annualized fixed costs are calculated with a real discount rate of 5% and a cost
recovery period of 30 years [70].

To capture uncertainty in future wind and solar costs, we test the sensitivity of our results to
conservative, best-guess, and optimistic ATB cost scenarios, which we refer to as high, mid, and
low cost, respectively.[70].

Between the 25 wind and solar capacity levels run for each PEV scenario, we interpolate wind
and solar revenues. We find the intersection of fixed costs and revenues and round down the total
capacity of wind and solar to the nearest point. And at that point the combined wind and solar
capacity installation reaches its maximum profitable level.

4.6. Sensitivity analysis

We run sensitivity analyses to test model sensitivity to our assumptions: 1) exogenous stationary
storage capacity; 2) exogenous transmission capacity; 3) fixed wind-to-solar capacity ratio; 4) the
size of PEV fleet being 10% of the light-duty vehicle fleet.

To keep the computational burden of this study tractable, stationary storage capacity and trans-
mission capacity are assumed to be fixed. However, in the real world, the power system will
see expansion in stationary storage capacity and transmission capacity that accompanies the ex-
pansion of wind and solar. Hence, we run sensitivity analyses with high transmission capacity
and with high stationary storage capacity. In the high transmission scenario, the transmission
capacity between each region of PJM is doubled. In the high stationary storage scenario, the
capacity of battery storage is expanded from 5.4 GW (46 GWh), to 14 GW (56 GWh), by doubling
the capacity of the largest battery storage unit in each region. For regions with pumped hydro
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storage and without planned battery storage, a 4-hr battery storage unit with the power capacity
of the largest pumped hydro storage unit is installed.

Meanwhile, we tested model sensitivity on the fixed wind-to-solar capacity ratio assumption. We
assume wind and solar capacity will expand at a fixed ratio, whereas in the real world, the capacity
expansion may be more strategic. We run scenarios with different wind-to-solar capacity ratios:
a high wind scenario with a wind-to-solar capacity ratio of 1.46 and a high solar scenario with
0.93.

We also tested model sensitivity on the size of the PEV fleet. As PEV penetration rises, the ben-
efits of PEV charging and charging interventions have diminishing returns. We run a high PEV
penetration scenario where PEV penetration is doubled from 10% in the base case to 20%.
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