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Abstract

With rising travel demand and the need to tackle both the air quality and climate
change challenges caused by fossil fuel vehicles, there is an urgent need to transi-
tion to cleaner and more sustainable fuels. While lithium-ion battery electric vehicles
(BEVs) produce no emissions during operation, they increase electricity consump-
tion, affecting emissions from that activity. Furthermore, there is an ongoing debate
about the overall cleanliness of lithium-ion batteries when assessing emissions
throughout their lifecycle compared to fossil fuels. To address these concerns, we
use the Global Change Analysis Model (GCAM) integrated assessment model (IAM)
to evaluate criteria air pollutants and carbon dioxide (CO,) emissions across four
scenarios of increasing BEV adoption in the United States (US). We include emis-
sions from fuel and battery production, vehicle manufacturing, and operation for both
BEV and fossil-based internal combustion engine (ICE) vehicles. Results indicate
that each additional kWh of lithium-ion battery output leads to an average reduc-
tion of 220kg of CO, in 2030 and 127 kg of CO, in 2050. There are also substantial
decreases in CO emissions, although relatively small changes in SO, and NO,.. In a
life cycle assessment, all else equal, the CO, emissions associated with BEVs are
30% higher than those of ICE vehicles during the first two years. However, after the
second year, BEVs result in a reduction in cumulative CO, emissions. Accounting
for the effects of both air pollution and climate change, the economic value of the
damages attributable to ICEs over their lifetime is currently 2 to 3.5 times that of
BEVs. This ratio increases over the coming decades as the emissions intensity of the
electricity sector decreases.
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1. Introduction

The transportation sector accounts for 28% of greenhouse gas (GHG) emissions in
the United States (US), of which light duty vehicles (LDVs), including cars, minivans,
light trucks, and sports utility vehicles (SUVs), contribute about approximately 3/5ths
[1]. Similarly, onroad traffic is one of the foremost sources of air pollutants such as
CO and NOx, especially from fossil fuel based internal combustion engines (ICEs)
[2-5]. To address air quality and climate challenges, the Intergovernmental Panel

on Climate Change’s (IPCC) latest Assessment Report (AR6) stresses the need for
behavior-based management solutions combined with advanced powertrain technol-
ogies, such as electric vehicles, biofuels, and fuel-cells, to reduce energy demand
and transport-related GHG emissions [6].

In recent years, there have been a growing consensus and substantial policy
efforts to promote electric vehicles (EVs) to mitigate the GHG and air pollutant emis-
sions from onroad vehicles [7—8]. Most BEVs utilize lithium-ion (Li-ion) batteries, and
thus this technology is playing an important role in meeting environmental and cli-
mate goals [9—11]. Many studies have evaluated the impact of Li-ion BEVs on emis-
sions, including assessing the direct benefits of eliminating tailpipe emissions, as well
as the upstream emissions associated with activities such as material mining and
processing and with battery and vehicle manufacturing [12—17]. A few studies have
evaluated alternative assumptions about the technology mix within the electric power
sector, including rapid decarbonization [18], but most have relied upon pre-defined
electricity production profiles, often with fixed shares of generation capacity based on
the current shares of each type [19-23].

We build upon the previous literature by evaluating the net emissions implications
of BEVs through the year 2050, considering both onroad and upstream emissions,
under alternative assumptions about BEV market share, and including a dynamic
response of the electric sector profile to the BEV-related demand changes. This
holistic, multi-sector, multi-pollutant analysis is performed using an integrated assess-
ment model (IAM). We also bring a greater focus to the emissions contributions of
the lithium-ion batteries used by the BEVs. The approach has similarities to the life
cycle inventory (LCI) analysis of a life cycle assessment (LCA). Our life cycle-based
perspective offers a comprehensive approach for evaluating the underlying emissions
produced during and upstream of vehicle operation, covering various life cycle stages
except for end-of-life (EoL). End-of-life emissions were excluded from this study
given the uncertainty regarding the role of battery repurposing, reuse, and recycling,
and a detailed approach required in accounting for battery use, reuse and recycle.
Here, emission changes are estimated at different stages in the Li-ion supply chain,
including (a) lithium extraction and processing, (b) lithium-ion battery production, (c)
electric vehicle production, and (d) electric vehicle usage. These estimates are com-
pared with analogous values for internal combustion engines (ICEs) and their fuels.

Section 2 describes model and methodology used in this study. Section 3 pres-
ents the results from the IAM describing the projections in transport and electricity
demand, the national greenhouse gas emissions and trends after integrating the
emissions from the fuel and vehicle production.
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2. Methods

In this section, we describe the IAM used in the analysis, the scenarios used to examine the impacts of increasing BEV
sales, and the source and application of life cycle emission factors. For fuel use and electricity, we rely on an integrated
assessment model, while the emissions from production of vehicles, including batteries, are estimated from the relevant
literature. Since the focus of the study is to understand the change in emissions from light duty passenger vehicles in the
US per kWh of the lithium-ion battery added to the US fleet, our analysis revolves around the changes in the transport
sector along with other linked sectors.

2.1 The Global Change Analysis Model (GCAM)

In this study, GCAM-USA v7.0 [24], is used to simulate the evolution of the US energy supply and demand for a range of
BEV market share scenarios. GCAM is a human and earth system model that simulates the co-evolution of the energy,
economic, agriculture, land, and water systems, simulating the market shares for various technologies and fuels while
tracking the impacts on energy prices and the resulting GHG and air pollutant emissions. Within the energy system,
GCAM includes representations of the electric, refining, industrial, residential, commercial, and transportation sectors

of the economy. GCAM is a global model with 32-region coverage and a modeling time horizon that spans from 2015 to
2100 in 5-year increments.

GCAM operates by simulating more than a thousand global markets for goods and services, converging upon the
prices at which supply equals demand in each. The model steps through time in typically 5-year increments, starting each
new time period with the technological stock from the prior period. It then simulates retirement of that stock and demand
for new stock, taking into account factors such as population growth and the endogenously determined prices of fuels and
other resources. A logistic function is used to determine the mix of technologies that are purchased. This apportionment is
typically driven by cost but can be influenced by policies such as pollutant taxes and caps, as well as market share con-
straints such as onroad vehicle electrification targets and renewable portfolio standards (RPSs) in the power sector.

In the context of a onroad BEV target, GCAM simulates which vehicle technologies are being displaced and the onroad
impacts on fuel use and emissions. The model also captures many upstream impacts, simulating how the additional
electricity demand would be generated, changes in refinery activity, and changes in oil and gas operations. Since GCAM
endogenously calculates energy prices, prices for electricity would likely rise, accompanied by decreases in liquid fuel
prices. These price changes, in turn, could impact technology and fuel choices across other sectors, such as industry,
and residential and commercial buildings. Changes in the cost of onroad passenger travel could also impact overall travel
demand, as well as how that demand is apportioned across passenger cars, motorcycles, buses, and other modes of
transit. By taking this holistic view of the energy system, GCAM can simulate the impact of a policy or technology across
all major economic sectors.

The emission projections produced by GCAM include GHGs such as CO2 and non-CO2 GHGs (e.g., CH4, N20, halo-
and fluro- carbon), as well as air pollutants including ozone precursors (NOx, CO, VOC) and aerosols (particulates, black
carbon (BC), organic carbon (OC) and SO2). GCAM also produces land use and land use change (LULUC) outputs,
including changes in land cover and the carbon emission associated with transitioning land from one use to another. Like-
wise, under water category, the model provides information on the supply and demand of water, including the competition
for water resources across various economic sectors.

We use a variant of GCAM, GCAM-USA, version 7.0, that disaggregates the energy system to the state level for the
US region [25]. GCAM-USAv7.0 is applied through GLIMPSE (GCAM Long-term Interactive Multi-Pollutant Scenario Eval-
uator), a decision support tool developed at the U.S. EPA to support long-term planning related to climate, the environ-
ment, and energy [26]. GLIMPSE v1.1 includes a reference case that is used as the basis for the scenarios constructed
for this study.
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For a given scenario, CO, emissions within GCAM-USAv7.0 are estimated using projected fuel use and the carbon
content of various fuels. Similarly, the air pollutant emissions are estimated as the product of fuel use or service output
and emission factors. For onroad vehicles, these emission factors are a function of technology, vintage, and vehicle age.
This representation allows incorporation of technology- and vintage-specific emission control requirements, as well as
deterioration of control effectiveness over time. In GCAM-USAvV7.0, the air pollutant emission factors for transportation
sector are derived from the Environmental Protection Agency’s (EPA) MOVES 2014 model [27]. In this application, we use
onroad factors derived from the more recently released MOVES 3.0 [28], which includes improvements such as updates
to vehicle population, travel activity, and emission rates, as well as incorporation of impacts of the Heavy-Duty Green-
house Gas Phase 2 rule and the Safer Affordable Fuel-Efficient (SAFE) Vehicles Rule [25].

In our analysis, we group the transport sector outputs from GCAM-USAv7.0 into the following categories: onroad light-
duty passenger vehicles (LDV), onroad heavy-duty freight vehicles (HDV), buses, and domestic and international air,
locomotive, and marine (ALM). GLIMPSE, which is built on GCAM-USA groups together categories such as ALM to keep
on-road, (i.e., transport-LDV, and transport-HDV) and non-road separate. The LDV category is further disaggregated into
the classes “Cars” and “Large Cars and Trucks”, with the latter class including minivans, SUVs, and light pickup trucks.
Within each class, the vehicles are further categorized based on fuel or technology, including battery electric vehicles
(BEV), fuel cell electric vehicles (FCEV), hybrids, and conventional ICE vehicles. Note that GCAM-USAv7.0 does not dif-
ferentiate among gasoline, diesel and biofuel at the pump, referring to the combination as refined liquids used in conven-
tional ICE vehicles. Our study largely focuses on BEV in the LDV “Cars” and “Large Cars and Trucks” classes, as those
classes together comprise 84% of annual onroad passenger travel, while the remaining 16% comes from public buses
and 2-wheeled vehicles.

According to the new GHG standards set for light-duty vehicles, electrification of the two GCAM-USAv7.0 onroad LDV
categories, “Cars” and “Large Cars and Trucks”, is expected to reach 16% and 11%, respectively, where electrification
includes both plugin hybrid and fully electric vehicles [29]. However, plugin hybrid vehicles are not separately categorized
in the GCAM-USAV7.0. Instead, we assume these targets will be met by a combination of BEV and fuel-cell electric vehi-
cles (FCEV). FCEVs are electric vehicles that employ a hydrogen fuel cell as an on-board power source [25]. We made
an assumption of average battery size of FCEVs to be one-fourth of that of BEVs, similar to the relative size difference
between BEVs and plugin hybrids (Table C in S1 Text) [30]

GCAM-USAV7.0 apportions share of sales within a market as a function of the relative costs of technologies, modi-
fied by a technology-specific parameter called a shareweight which is intended to represent consumer biases and other
factors not explicitly included in GCAM. In addition, the logit parameter specifies how much differences in price matter.
By convention, a shareweight value of 1.0 signifies that there is no bias for or against the technology, and that its share
of new sales is determined solely on differences in price (assuming the shareweights of other technologies are also 1.0).
Shareweights can be greater than 1.0, signifying a preference for the technology; below zero, indicating a bias against the
technology such as range anxiety; or zero, indicating that there would be no sales share regardless of the cost [25]. The
retirement of onroad vehicles is modeled using an s-curve which is parameterized by variables such as lifetime, half-life
and slope.

Our scenarios, which are described in the next section, are derived from the GLIMPSEv1.1 reference scenario. The
GLIMPSE reference scenario [26] builds upon the GCAM-USAV7.0 reference case in several ways, including the follow-
ing: fixing a bug associated with stationary battery storage; incorporating a representation of the Regional Greenhouse
Gas Initiative (RGGI), which caps electric sector emissions for 11 states; representing state-level Renewable Portfolio
Standards (RPSs) that specify minimum renewable contributions to electricity production; including historical coal plant
retirements through 2021; and updating emission factors and lifetime and retirement assumptions for onroad vehicles
[31]. The GLIMPSEvV1.1 reference scenario does not include representations of the Bipartisan Infrastructure Law of 2021
[32] and the Inflation Reduction Act of 2022 [33]. Note that the GLIMPSE reference case inherits most assumptions from
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the GCAM-USAV7.0 reference case, including that no new coal plants without carbon capture will be added to the power
sector after 2015.

In addition to the combustion-based emissions from the transport sector, GCAM also includes emissions associated
with extraction and refining of the fossil fuels and biofuels used in ICE vehicles (see section 2.3 for details). Since biofuels
are considered to have lower life cycle emissions than fossil fuels, the use of blended fuel implicitly results in lower net
CO, emissions than use of 100% gasoline [34-36].

2.2 BEV projection scenarios

Our study design takes the form of a parametric sensitivity analysis in which we scrutinize four scenarios of varying rates
of BEV adoption in the US LDV market (Fig 1). Heavy-duty electric vehicles are also simulated, although GCAM-USA v7.0
is allowed to choose their market shares endogenously. These scenarios represent four increasingly optimistic views of
plausible trajectories for BEV market share. The lowest trajectory is based on the GLIMPSE 1.1 reference scenario. This
reference scenario (REF) estimates a BEV sales share of 14% in 2025, which rapidly reaches 32% in 2030, increases to
a peak value of 34% in 2035, and then stabilizes to 31% in 2050. The other scenarios, given the names Optimistic (OPT),
Progressive (PRG), and Ambitious (AMB), include higher BEV sales targets. These scenarios are implemented using
lower-bound market share constraints that were constructed using GLIMPSE. In OPT, the BEV sales share is set to be
approximately 50% higher than in the REF scenario, leading to a BEV sales share of 46% in 2050 (Fig 1).
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Fig 1. (a) Market share and (b) shareweight for reference and three defined high battery-based electric vehicle scenarios.

https://doi.org/10.1371/journal.pcim.00007 14.9001
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The AMB scenario, which is the most ambitious scenario, assumes that BEVs reach a 75% sales share by 2050. This sce-
nario is extrapolated from BNEF’s projection of 60% sales share in 2040, similar to that found in Ou et al., [18]. To develop mar-
ket shares over time for AMB, we work backwards, incrementing the target down by 5% every five years starting with 75% sales
in 2050 and reaching a market share of 50% in 2025. Finally, in the PRG scenario, we assume a sales share that is an average
of the OPT and AMB scenarios at each five-year interval, thus reaching 61% of sales by 2050. In implementing the high BEV
scenarios, we found that the high sales shares were difficult to achieve under the shareweight assumptions in REF, which
included some assumed bias against BEVs until 2035. Fig 1(b) shows the shareweights considered in our study. Under the
REF, the default shareweight values are, for 2025: 0.5, 2030: 0.92, and 2035 onwards till 2050: 1.0. Under high BEV adoption
rates, we have assumed shareweight value of 1.0 from 2025 through 2050, allowing the model to achieve the higher targets.

2.3 Emissions associated with additional factors

In life cycle analysis, vehicle-related emissions are typically represented using the following components: extraction and
production of fuels (also referred as well-to-tank (WTT) emissions), vehicle manufacturing, and operation and mainte-
nance, and combustion of fuel in ICE vehicles or energy associated with lithium-ion batteries in electric vehicles (also
referred as TTW tank-to-wheel emissions). Because of the GCAM-USAv7.0 multi-sector coverage, it is used to character-
ize most WTT and TTW emissions for this study; however, vehicle and battery production are not represented in GCAM,
so we rely on the literature to obtain emission factors for these activities.

For emissions associated with vehicle manufacturing, and operation and maintenance we refer to Hill et al., [37], Bieker
[38], and Kelly et al., [39]. We follow the methodology from Bieker [38], where the vehicle weight-based emission factors
(tonne CO, eq./tonne vehicle) compiled from passenger cars in European Union and United Kingdom by Hill et al., [37]
are used to estimate emissions (Table Ain S1 Text). Here CO2 eq emissions are treated as CO2 emissions, implicitly mak-
ing the assumption that the impacts of non-CO, GHGs are negligible compared to CO, [39]. For the weight of the vehicle
as per the fuel category in the US we refer to Kelly et al., [39] (Table A in S1 Text).

The GCAM model estimates the energy and emissions associated with ‘fuel production’, including extraction, process-
ing, and refining of liquid and biofuels, as well as the production of hydrogen. This category forms the basis of our life
cycle emissions for ICE vehicles. Changes in emissions associated with the transportation of fuels (e.g., via pipelines, rail,
barges, and trucks) are not included in this study but are likely relatively small relative to changes in onroad, powerplant,
and refinery emissions. Similarly, infrastructure-related activities such as construction of roads, refineries and oil rigs are
beyond the scope of this study.

For life cycle GHG emissions from the extraction and processing of material used in lithium-ion batteries, we refer to
Kelly et al., [40] and Bieker [38] studies. Li-ion batteries production involves steps including extraction of raw materials
such as nickel, aluminum, and cobalt sulfate, as well as assembly of the battery cell, battery management system, and
NMC111-graphite chemistry for the cathode. NMC111 indicates a cathode with equal molar ratios of Nickel, Manganese,
and Cobalt (Ni:Mn:Co). Kelly et al., [40] used Argonne National Laboratory’s Greenhouse gases, Regulated Emissions,
and Energy use in Transportation (GREET?® - Version 2020) model to examine Li-ion production including the associated
supply chain and electricity mix in the US and other regions globally. By default, the GREET model contains material and
production supply chain for NMC111, that dominates the global automotive markets [41]. Results from Kelly et al., [40]
indicate that GHG emissions from NMC111 Li-ion battery produced in the US would generate 75kg CO, eq/kWh emis-
sions, which has been used in this study. This value was found to be within the range of values found in the literature
[10,42]. Here CO-2 eq emissions are treated as CO2 emissions.

2.4 Social cost of atmospheric release (SCAR)

We use the Social Cost of Atmospheric Release (SCAR), a multi-pollutant economic framework valuing both climate- and air
quality-related impacts [43], to evaluate the societal impact of the emissions caused by increases in the share of lithium-ion
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electric vehicles in the US transport sector. US-specific values from the literature [43] were calculated with a declining dis-
count rate over time. The 2007 per-tonne values are inflated to 2023 assuming an average inflation rate of ~2.6% (Table 1)
to estimate the total SCAR. We have limited the estimation of damage cost to CO,, CO, SOx, and NO, pollutants only.

3. Results

In this section we present the results of the four scenarios described in Section 2.2. As our scenarios focus on increasing
sales shares for LDV BEVs, we expect the greatest responses to be on energy use and emissions in the transport sector.
However, we also quantify changes in energy and emissions from electricity generation, industry, commercial and resi-
dential sector as they respond to transport sector policy. Finally, when estimating the change in CO, emissions and other
air quality pollutants per GWh lithium battery added, we only consider the analyses of the sales of new vehicles rather
than the combination of new and existing passenger vehicles. This approach allows us to isolate the impact of the newly
introduced Li-ion battery electric vehicles in the market.

3.1. Projection in travel demand and electricity production

Under REF, GCAM projects an increase in travel demand in all passenger vehicles except buses from 2020 to 2050. Table 2
shows the percent change in passenger-km travelled from 2020 to 2050 in four scenarios.

Although there is an increase in the LDV travel demand under all scenarios (Table B in S1 Text), we observe a small
decrease in passenger-km across the high BEV defined scenarios, OPT — PRG — AMB relative to REF (Table 2). Demand
response and mode shifting are expected as our scenarios push BEV adoption beyond the equilibrium levels simulated
in REF. For example, increase in allocation of ridership to motorcycles (e.g., “2-Wheeler & 3-Wheeler”) is indicative of
GCAM simulating the dynamics of vehicle choice. In this instance, forcing BEV sales share beyond their equilibrium levels
results in a higher cost of onroad travel in the “Cars” and “Large Cars and Trucks” categories. The model simulates that
this would increase motorcycle ridership in response. Note that while the percent changes in motorcycle demand are large
compared to many other categories, these percent changes occur within a relatively small category.

Using an average battery size per vehicle (Table C in S1 Text) and number of BEV vehicles in each scenario (see Text
Ain S1 Text, Table D in S1 Text), we estimate the total gigawatt-hours (GWh) of batteries required in the new passenger
cars and trucks in each modeled year from 2020 to 2050 (Table 3). Our calculation of total GWh battery output includes an

Table 1. SCAR per-tonne damages used for economic evaluation (2023 $US).

Species co, SO, co NO,
SCAR metric 170 75000 1100 130000
(damage in $USD per tonne of emissions)

https://doi.org/10.1371/journal.pclm.00007 14.t001

Table 2. Percent change in passenger-km travelled from 2020 to 2050 in four scenarios.

Vehicle categories Reference Optimistic Progressive Ambitious
Cars, large cars and trucks 23 23 21 19
2-Wheeler & 3-Wheeler 126 141 152 160

Bus -7 -5 -4 -1
Domestic Aviation 98 86 87 88

High Speed Rail (HSR) 1330 1300 1310 1310
International Aviation 69 68 68 68
Passenger Rail 28 29 30 31
https://doi.org/10.1371/journal.pclm.00007 14.t002
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Table 3. Estimated quantity of batteries, in gigawatt-hour (GWh), added from sales of new light-duty vehicles (LDV) in the “Cars” and “Large
Cars and Trucks” categories.

Scenarios 2020 2025 2030 2035 2040 2045 2050
Reference 8 152 454 586 740 761 770

Optimistic 8 205 692 886 1120 1150 1150
Progressive 8 370 780 986 1320 1450 1560
Ambitious 8 518 855 1080 1520 1730 1930

https://doi.org/10.1371/journal.pclm.00007 14.t003

assumption that specific energy capacity will increase from 40 kWh in 2020-150 kWh in 2050 (Table C in S1 Text). This
calculation indicates that 770 GWh lithium batteries will be added from sales of new LDV in 2050 in the REF scenario,
which is~ 100 times higher compared to the 8 GWh total capacity in 2020. The increase in lithium battery demand for the
other scenarios is roughly proportional to their higher BEV deployment targets, reaching 1150 GWh in OPT, 1560 GWh in
PRG and 1930 GWh in the AMB scenario in 2050.

Compared REF, the high BEV scenarios further increase the need for electricity production. The 25.7 EJ of electricity
produced in 2050 in the REF case increases to 27.9 EJ in the AMB scenario, which reflects an increase of 9% in the high
BEV case (Fig 2). Fig 3 shows the electricity production by various fuel sources and the incremental difference relative to
REF. In 2030, the electricity production in REF was dominated by gas (37%) and wind (17%), followed by nuclear (15%),
coal (13%), solar (11%) and hydro (5%). By 2050, the mix of these sources transitioned to gas (44%), wind (22%), solar
(17%) with small fractions from coal (6%), nuclear and hydro (4% each). Under the high BEV scenarios we observe an
additional incremental shift to gas, solar, wind and nuclear - sources typically associated with lower emissions. This trend
is driven both by the assumption in our scenarios that new conventional coal plants will not be built during the modeled
time horizon and the inclusion of regional policies such as RGGI and state RPSs. The net impact of these factors is that
the CO, and air pollutant intensity of electricity production declines over time.

30 -
281
26
24
221
201

18+

Electricity Generation (in E))

16 1

14
27

2020 2025 2030 2035 2040 2045 2050
Year

Fig 2. Total electricity produced (EJ) in each scenario.

https://doi.org/10.1371/journal.pcim.00007 14.g002
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https://doi.org/10.1371/journal.pclm.00007 14.g003

Over the period extending from 2020 to 2050, we also observe increasing demands for electricity across each eco-
nomic sector (Table E in S1 Text, Fig 4), as well as shifts in the portions of consumed by each sector shifts. In 2030,
residential and commercial buildings consume 35% and 33% each of generated electricity, followed by 24% industry,

6% transport-LDV, ~1.4% fuel production, and ~0.4% each for transport-ALM, and -HDV. In 2050, under the REF sce-
nario the share consumed commercial by buildings drops to 27% and residential share drops to 33%, while shares to
transport-ALM and -HDV increased to 2% each, and transport-LDV grow to 8%.

In Fig 4, we delve into the electricity demand trajectories for each scenario, exploring underlying sectoral changes. Under
REF, overall electricity demand grew from 17.2 EJ in 2030 to 23.8 EJ in 2050, driven by increasing electricity demand from
buildings (2.4 EJ), industry (1.9 EJ), and transport-LDV (1.1 EJ). For each of the high BEV scenarios, OPT, PRG, and AMB,
electricity demand from transport-LDV increased substantially (in 2030, 1.4 EJ, 1.7 EJ, and 2.0 EJ, respectively; in 2050, 2.9
EJ, 3.6 EJ, and 4.2 EJ, respectively), driving the overall trend of increased growth. There were small decreases in electricity
demand from other sectors, although these changes were small relative to the increases in LDV.

3.2. National CO, and air pollutant emissions and trends

In REF, from 2020 to 2050, the net CO, emissions decrease by 10%. This decrease is larger in the high BEV scenarios,
where the net CO, emissions are reduced by 12% in OPT, 13% in PRG and 14% in AMB scenario (Table 4). In the case
of CO, we observe a similar trend in emissions reduction from 2020 to 2050, as well as from REF to the high BEV sce-
narios. The CO emissions in REF decrease by 28% from 2020 to 2050 while these reductions are even higher in the high
BEV scenarios (Table 4). However, we do not observe a similar trend in reductions for SO, emissions across the high BEV
scenarios. The SO, emissions decrease by 9% from 2020 to 2050 in REF, with negligible change under the high BEV sce-
narios, unsurprisingly as there is no noticeable difference in coal-fired electricity generation (Fig 3). Across the high BEV
scenarios, higher electric vehicle adoption results in clear but small reduction in NOx emissions (Table 4).
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Emissions are further examined at the sectoral level to understand the changes driven by the high BEV scenarios.
Fig 5 shows the sectoral CO, emissions from REF in 2030 and 2050 (left axis) and its difference with high BEV sce-
narios (right axis). Under REF, it is projected that, on average, electricity production in the US contributes 29% of CO,,
followed by 21% from industry, 13% transport-LDV, 11% transport-HDV, 9% transport-ALM, 10% buildings-residential and
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Fig 4. Electricity use (EJ) by different sectors in REF (left axis) and increase in electricity use in high BEV scenarios calculated as a difference
with respect to REF (right axis). Buildings include both the residential and commercial sectors. Transportation is grouped into ALM — Air, locomotive,
marine; HDV — heavy-duty vehicles; and LDV - light-duty vehicles.

https://doi.org/10.1371/journal.pclm.00007 14.g004

Table 4. Emissions for greenhouse gas and air quality pollutants from 2020 to 2050 across all scenarios (in Tg/yr).

Scenarios 2020 2025 2030 2035 2040 2045 2050
Co, REF 4690 4640 4410 4290 4270 4230 4200
OPT 4690 4620 4360 4230 4210 4150 4120
PRG 4690 4590 4330 4190 4180 4110 4070
AMB 4690 4560 4300 4170 4150 4070 4010
CO REF 25.88 22.66 20.71 19.76 19.29 19.12 18.51
OPT 25.88 22.48 20.24 18.92 18.18 17.85 17.29
PRG 25.88 22.14 19.78 18.39 17.58 17.14 16.43
AMB 25.88 21.81 19.37 17.90 17.02 16.46 15.62
SO, REF 1.83 1.85 1.73 1.70 1.72 1.71 1.66
OPT 1.83 1.85 1.73 1.70 1.71 1.71 1.66
PRG 1.83 1.85 1.73 1.70 1.72 1.71 1.65
AMB 1.83 1.85 1.73 1.70 1.71 1.71 1.65
NO, REF 6.44 5.71 5.07 4.69 4.72 4.80 4.89
OPT 6.44 5.70 5.07 4.68 4.71 4.79 4.87
PRG 6.44 5.69 5.08 4.67 4.70 4.78 4.87
AMB 6.44 5.70 5.08 4.68 4.70 4.78 4.85

https://doi.org/10.1371/journal.pcim.00007 14.t004
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-commercial, and 7% fuel production (Fig 5). In the high BEV scenarios, we observe CO, reductions from transport-LDV
(-54% in AMB 2050 compared to REF 2050) and fuel production (-19% in AMB 2050 compared to REF 2050), highlighting
the increase in the market share of passenger BEVs and the decrease in the demand from the fossil fuel-based passen-
ger vehicles. In contrast, CO, increases from electricity production (6% in AMB 2050 compared to REF 2050), a result of
fulfilling the demand for additional electric charging in high BEV scenarios.

Fig 6a-c shows the sectoral change in CO, SO,, and NO, emissions. From Fig 6a-c, in REF, the industry sec-
tor accounts for ~40% of CO, SO,, and NO,. Apart from industry, for CO, the emissions are largely emitted from
transport-LDV (37%). For SO, electricity production (32%) and industrial processes (19%) dominate, while for the largest
emitters of NO, are transport-HDV (22%) and transport-ALM (10%). A shift towards BEVs tends to demonstrate change
in the most directly impacted sectors, including transport-LDV, electricity production, and fuel production. There are also
relatively small changes in other sectors, including industry and transport-HDV.

The sectoral changes in CO in the high BEV scenarios are mainly governed by the level of BEV market share in the
transport-LDV, where emissions are reduced as much as 50% in AMB. Increasing electricity production has a small impact
on CO, leading to a 6% increase in AMB compared to REF in 2050. While CO emissions primarily originate from the
incomplete combustion of fossil fuels in all sectors, light-duty vehicles are a major source. A minimal change in CO from
the industry sector suggests no sudden shift in fuel technology (Fig 6a).

For SO, (Fig 6b), increasing the BEV sales share results in approximately a 54% reduction in emissions from
transport-LDV and an 11% reduction from fuel production. However, industry, electricity production, and industrial pro-
cesses are the major sources of SO,, and from Fig 6b we see that SO, from industry tends to increase by 0.5% along,
along with a very small increase from electricity production. The increase in the industrial sector is driven by cross-sector
dynamics. The increased demand for electricity results in higher prices, and a small portion of electricity use in industry is
replaced by other fuels, such as refined liquids, gas, and coal.
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Fig 5. Sectoral CO, emissions (million Tonnes) in REF. The left-axis and right-axis shows the change observed in CO, emissions in high BEV sce-
nario calculated as a difference with respect to REF. The negative CO, emissions from biomass in REF implies carbon dioxide drawn from the atmo-
sphere. Buildings include both the residential and commercial sectors. Transportation is grouped into ALM — Air, locomotive, marine; HDV — heavy-duty
vehicles; and LDV - light-duty vehicles.

https://doi.org/10.1371/journal.pclm.00007 14.g005
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This increase of SO, from electricity production appears 2030 but is no longer apparent 2050. This response reflects
potentially important dynamics in the electric power sector. From 2020 to 2030 under REF, GCAM-USAv7.0 predicts that
there will be some retirement of coal power plants. However, under the high BEV scenarios, there is increased demand
for electricity, increasing electricity prices, and changing the economics of operating older, less efficient coal plants. In the
model, the result is delayed retirement and an increase in coal plant emissions relative to REF. Though the differences in
net SO, emissions relative to REF are very small, the SO, emissions under these scenarios represents both the offsetting
effects along with the smaller change in magnitude relative to total emissions (Fig 6b).

Percentage-wise NO, reductions from transport-LDV and fuel production are very similar to CO and SO, i.e., reduc-
tions of 53% and 12% for AMB in 2050 (Fig 6c). The increases in NO, are mainly from electricity production (2%) and
transport-HDV (0.9%), although these increases are minimal compared to their absolute contribution. High NO, from
industry in 2030 suggests greater use of coal that lower emitting sources by 2050.

Fig 7 shows the average emissions per kWh lithium-ion batteries added in 2030 and 2050. The numerator is esti-
mated as the average difference in scenario-based total emissions with respect to the REF. Similarly, the denominator
is calculated as the GWh batteries added in each scenario relative to the REF. Finally, we take the ratio of these to
compute the change in total emissions per kWh battery added from the sales of new light-duty vehicles. We observe
emissions benefits in the short-term (2030) where CO (-2732g per kWh) and CO, (-223kg per kWh) are reduced, while
there is slight increase in SO, (1.8 g per kWh) and NO, (21.9g per kWh) from the shift towards BEVs. Although BEV's
do not have direct emissions like ICE vehicles, the increment in SO, and NO, can be attributed to increased use of
coal-based thermal power. While GCAM-USA does not build new coal-fired powerplants, this response results from the
decision of the model to delay the retirement of existing capacity, at least in some parts of the country. However, later
in 2050, with a cleaner electricity generation sector projected to be in place, we find additional air quality benefits, i.e.,
reductions in SO, (-3.1g per kWh) and NO, (-36.1g per kWh) along with CO (-2782g per kWh) and CO,, (-127 g per
kWh). The incremental shift in air pollutant emissions can be attributed to the increasing demand for electricity across
all the sectors, especially BEV based light-duty vehicles. The increased demand for electricity, combined with RGGI
and state RPSs, results in power sector dynamics that serve to drive down the emissions intensity of electricity further.
For example, within the Northeast, power sector CO2 emissions are capped by RGGI. Natural gas is a cost-effective
component to the mix employed to meet the demand. However, to grow gas capacity while still meeting the RGGI CO2
cap, the model chooses to increase coal plant retirement. This dynamic has the co-benefit of reducing air pollutant
emissions since coal plants generally have higher emissions of air pollutants than gas plants. In contrast, the shift in
CO2 emissions is driven primarily by projected increases in biofuel usage in ICEs that lead to lower emissions in 2050
relative to 2030.
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Fig 7. Average SO, (in g), NO, (in g), CO (in g), and CO, (in kg) emissions per kWh of lithium battery from sales of new light-duty vehicles
(cars, large cars, and trucks) calculated as a difference with respect to REF across all the three high BEV scenarios in 2030 and 2050.

https://doi.org/10.1371/journal.pclm.00007 14.9007
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Finally, examining life cycle CO, emissions per vehicle by technologies shows that fossil-based ICEs (100-tonne CO,
per vehicle) emit ~2 times the amount from BEVs (53-tonne CO, per vehicle), while hybrid vehicles (84-tonne CO, per
vehicle) emit ~1.6 times the emissions of BEVs (Fig 8a). We assume an average life of 18 years for passenger cars in
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Fig 8. The life cycle-based CO, emissions from four technology-based categories of light-duty vehicles in GCAM/GLIMPSE from sales of new
vehicles in 2030, (a) during lifetime, assumed to be 18 years (b) during first year (c) shows when the emissions from fossil fuel ICE surpasses
BEV, plotted for first six years.

https://doi.org/10.1371/journal.pclm.00007 14.g008
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the United States. Further, BEV and non-BEV vehicles are assumed to be driven similarly, including number of passen-
gers per vehicle and distance driven per vehicle per year. Emission change for LDVs is calculated as weighted averages
across the “Cars” and “Large Cars and Trucks” categories in GCAM-USA. Throughout the study we have not accounted
for any methane leakage during the production of fossil fuel in case of ICEs or hydrogen fuel from natural gas in FCEVs.
Categories within ‘tank-to-wheel (TTW)’, such as ‘fuel use’ in case of hybrid and fossil fuel vehicles, and within ‘well-to-
tank (WTT)’, such as ‘fuel production’ and ‘electricity production’, contributes the majority of CO, throughout the lifetime.
However, the CO, per vehicle for the first year demonstrates a different narrative where fossil-based vehicles emit less
than BEVs (Fig 8b). In the initial first year, the BEVs emits 30% higher than the ICE vehicles. This difference can be
explained due to the emission intensive lithium mining and battery manufacturing processes compared to fossil fuel pro-
duction [39]. After the second year, we see the emissions from BEV and ICE vehicles are similar to one another. As the
vehicle ages, the emissions from ICE vehicles increase, especially from fuel use (TTW), surpassing the BEVs before its
second year on the road (Fig 8c).

We have also compared GCAM results with the Energy Policy Simulator from Energy Innovation LLC (available at:
https://energypolicy.solutions/simulator/us/en; accessed 9 Jan 2024) and found them strikingly different. The policy sim-
ulator shows that for a unit change in CO, from the transportation sector, the CO, from electricity generation decreases
by one-third of a unit. Whereas, in GCAM for the same unit change in transportation, the CO, increases by one-third of
a unit from the electricity generation sector. This is explained by the underpinning assumptions in the policy simulator
where the share of renewables rises with increasing BEVs as their batteries are assumed to be able to charge when
excess power is available on the grid and hence, they facilitate increased deployment of variable renewable electricity
sources. This ultimately causes further reduction in the CO, emissions from electricity generation than those under the
slower shift away from fossil-based power generation found in GCAM-USAv7.0. Using the electricity generation CO,
results from GCAM, the tonnes of CO, emissions over the 18-year vehicle life cycle become negative (i.e., the electric-
ity production bar in Fig 8 is the same magnitude but the opposite sign, more than offsetting other positive emissions).
Hence the reduction in life cycle GHG emissions for BEVs relative to ICEs shown here based on GCAM results may be
considered conservative.

3.3. Economic valuation

We evaluated the environmental damage per vehicle using the median value of the SCAR metrics in the broad catego-
ries of BEVs and ICEs for REF and AMB (e.g., representing reference and ambitious BEV sales shares). Our estimate of
emissions leading to environmental damage costs around $1605 per year for a 2020 fossil operated passenger car is sim-
ilar to an earlier estimate of $1700 per year from a typical midsize US gasoline powered vehicle [43]. Similarly, for battery
powered electric vehicles, we estimate damages costing $626 per vehicle for 2020. This is unsurprisingly lower than $815
per year for a BEV where electricity is assumed to be generated exclusively from coal [43] and declines over time as the
electricity sector becomes cleaner (lesser emissions) with values of ~$450—650 per vehicle in 2025, depending upon the
scenario. In comparison with results from the earlier paper a decade ago [43], values are fairly similar due to the offsetting
impacts of including life cycle emissions here (versus operation-related emissions only in the 2015 study) combined with
cleaner electricity and vehicles for current systems. The difference in value between BEVs and ICEs can be explained by
the suite of pollutants (CO,, SO,, CO, NO,) considered for calculating the damages, with the bulk of the difference coming
from the relatively lower CO, emissions (~75% of the 2050 benefits, for example, with the remainder nearly all from NO,
and CO reductions).

Our calculation shows the environmental damage from an ICE passenger car is about 2—3 times higher than BEVs in
both scenarios for the recent and time periods, 2020-2025 (Table 5). Under both scenarios, the damages from either type
of vehicle decrease over time as cleaner sources of fuel are used for electricity generation and fossil powered ICE vehi-
cles achieve tighter emissions standards. The decrease is larger for BEVs, however, so that the ratio of damages from
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Table 5. Ratio of environmental damages per vehicle for ICEs/BEVs.

Scenarios 2020 2025 2030 2035 2040 2045 2050
Reference Scenario 2.0 1.9 2.0 2.1 2.2 2.3 2.6
Ambitious Scenario 2.0 2.9 2.8 2.7 2.8 3.0 3.4

https://doi.org/10.1371/journal.pclm.00007 14.t005

ICEs to BEVs becomes greater over time (Table 5). The growth in the ratio of damages from ICEs to BEVs is even larger
in AMB than in REF, indicating that greater deployment of BEVs provides ‘positive feedback’ on the electricity grid leading
to cleaner generation overall.

4. Discussion and conclusions

There are several studies that have examined the air pollutant emissions implications of vehicle electrification. Ou et al.,
[18] used GCAM-USA to conclude that air pollutant emission reductions were possible from onroad vehicle electrification,
but that the magnitude of those reductions were impacted by assumptions about how the electric sector will transform
into the future and by the potential for fuel switching in other sectors. We also find the potential for air pollutant benefits,
but take a different approach based upon exploring the modeled responses to increasingly higher electrification targets.
Unlike Ou et al., [18], we also use a much more recent version of the GCAM-USA model (7.0 vs. 5.4), incorporate emis-
sions associated with battery production, take a more battery-centric approach, and translate emission changes into
monetized benefit estimates.

Several studies have also incorporated life cycle-based emissions [18—23]. Many of them converge to conclude that
Li-ion battery electric vehicles (BEV) have lower overall GHG emissions and cause lesser air pollution than fossil fuel
internal combustion engine (ICE) vehicles, while a few disagree [21,44]. This disagreement may arise from differences
in the system boundaries used for life cycle assessment (LCA) in these studies, variability in electricity grid mix, driving
patterns, and different technology alternatives which result in varying outcomes depending on which life cycle stages are
included, and consequently, lead to different conclusions when analyzed spatially. Usually, such studies either analyze
the policy interventions in the transportation sector for a year, or if not, multiple years but with a pre-defined mix of fuel
technology for electricity generation [18, 38]. Our study provides a unique perspective on how the variable adoption rates
of BEVs would eventually affect the CO, emissions and criteria pollutants not only from the transportation sector but also
dynamically considering the effects from the electricity generation sector as well without setting any targets for that sec-
tor’s fuel-mix (instead the model chooses fuels based on cost-optimization). Comparison of the relevant subset of these
results with the existing studies shows that the emissions of vehicles with different powertrains lie in the range of values
found in literature thereby indicating that the assumptions made in this study (Table G in S1 Text) are reasonable.

Our analyses show that considering the life cycle approach for BEVs and ICEs under higher BEV sales scenarios,
emissions associated with BEV are higher than ICEs within the first two years of onroad usage, assuming both the cate-
gories of vehicles have travelled similar kilometers. Beyond two years, the emissions associated with BEVs are lower than
those associated with the ICEs. The higher initial emissions in BEVs originate from mining of critical components and pro-
duction of lithium-ion batteries. As fuel technology for electricity generation switches to more renewables, the emissions
associated with BEVs are further decreased making the technology cleaner and more sustainable.

Considering the change in emissions per kWh of lithium-ion battery added to the market due to sales of BEVs, we
observe reductions of criteria pollutants. We find that there is a reduction in emissions from onroad light duty vehicles
(LDV) in REF. Higher rates of BEV adoption would accelerate the emission reduction and help achieve climate targets in
future while also improving air quality. It is important to consider that many assumptions have been made to arrive at this
conclusion, including those regarding the mileage of the passenger car, life of a vehicle, and average battery size of the
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passenger car in the US, to name a few. Moreover, we have not considered the associated emissions due to infrastructure
required to meet the increasing demand for electric charging nor that for fossil fuel-based vehicles.

Economically speaking, the social costs associated with the emissions associated with vehicles show that the life cycle
environmental damage due to BEVs is substantially lower than that caused by ICEs. These differences are dominated by
the reduced damages associated with climate change attributable to CO, emissions. Recent epidemiological evidence
(e.g., Burnett et al., [45]; Turner et al., [46]) suggests that air pollution is likely more damaging to human health than was
known when the social costs of air pollution used here were evaluated [43], hence the differences between ICEs and
BEVs may be roughly 40% greater in $ per vehicle than those reported here. Nonetheless, when accounting for resource
extraction and processing over the whole life cycle, including vehicle manufacturing, and long-term operations, our results
indicate that BEVs provide large benefits, with damages currently only about one-quarter to one-third those of ICEs
accounting for both climate and air pollution. Those relative benefits are furthermore projected to increase over time as the
US electricity grid becomes cleaner.

Note that this application does not explore several categories of emissions, including end of life emissions associated
with the disposal or recycling of BEV or ICE components. We also have not considered emissions associated with infra-
structure changes (e.g., emissions associated with building charging stations and manufacturing new electricity production
technologies). We also focus primarily on damages associated with climate change and air pollution, where there may be
other types of damages that are incurred. These limitations represent potential directions for expanding this work.

Supporting information

S1 Text.
(PDF)

Acknowledgments

We acknowledge Mary M. Allen, a master’s graduate student from Nicholas School of the Environment, Duke University,
for initiating the work and setting up the framework for the transport sector with the GLIMPSE model, and Prof. Avner Ven-
gosh from Duke University for valuable discussions on this project.

Author contributions

Conceptualization: Drew Shindell.

Data curation: Pankaj Sadavarte, Drew Shindell.
Formal analysis: Pankaj Sadavarte.

Funding acquisition: Drew Shindell.
Investigation: Pankaj Sadavarte.

Methodology: Pankaj Sadavarte, Daniel Loughlin.
Project administration: Drew Shindell.

Software: Pankaj Sadavarte.

Supervision: Drew Shindell.

Validation: Pankaj Sadavarte, Daniel Loughlin.
Visualization: Pankaj Sadavarte.

Writing — original draft: Pankaj Sadavarte.
Writing — review & editing: Drew Shindell, Daniel Loughlin.

PLOS Climate | https://doi.org/10.1371/journal.pclm.0000714  October 29, 2025 17/19



http://journals.plos.org/climate/article/asset?unique&id=info:doi/10.1371/journal.pclm.0000714.s001

PLO?%. Climate

References
1. EPA. Inventory of U.S. Greenhouse Gas Emissions and Sinks: 1990-2022. U.S. Environmental Protection Agency. 2024. Available from: https:/
www.epa.gov/ghgemissions/inventory-us-greenhouse-gas-emissions-and-sinks-1990-2022
2. Gurney KR, Romero-Lankao P, Seto KC, Hutyra LR, Duren R, Kennedy C, et al. Climate change: Track urban emissions on a human scale.
Nature. 2015;525(7568):179-81. https://doi.org/10.1038/525179a PMID: 26354467
3. Huo D, Huang X, Dou X, Ciais P, Li Y, Deng Z, et al. Carbon Monitor Cities near-real-time daily estimates of CO2 emissions from 1500 cities world-
wide. Sci Data. 2022;9(1):533. https://doi.org/10.1038/s41597-022-01657-z PMID: 36050332
4. Mueller KL, Lauvaux T, Gurney KR, Roest G, Ghosh S, Gourdji SM. An emerging GHG estimation approach can help cities achieve their climate
and sustainability goals. Environ Res Lett. 2021;16(8):084003.
5. Farooqui ZM, John K, Biswas J, Sule N. Modeling analysis of the impact of anthropogenic emission sources on ozone concentration over selected
urban areas in Texas. Atmospheric Pollution Research. 2013;4(1):33—42. https://doi.org/10.5094/apr.2013.004
6. Jaramillo P, Ribeiro SK, Newman P, Dhar S, Diemuodeke OE, Kajino T, et al. Transport. In Shukla PR, Skea J, Slade R, Khourdajie AA, van Die-
men R, McCollum D, et al. Editors. IPCC, 2022: Climate Change 2022: Mitigation of Climate Change. Contribution of Working Group Il to the Sixth
Assessment Report of the Intergovernmental Panel on Climate Change. Cambridge, UK and New York, NY, USA Cambridge University Press;
2022.
7. LiP, Xia X, Guo J. Areview of the life cycle carbon footprint of electric vehicle batteries. Separation and Purification Technology. 2022;296:121389.
https://doi.org/10.1016/j.seppur.2022.121389
8. Becker TA, Sidhu |, Tenderich B. Electric Vehicles in the United States A New Model with Forecasts to 2030. Center for Entrepreneurship & Tech-
nology, University of California, Berkely. [cited 2024 August 16] Available from: https://globaltrends.thedialogue.org/wp-content/uploads/2014/12/
Electric-Vehicles-in-
9. Nykvist B, Nilsson M. Rapidly falling costs of battery packs for electric vehicles. Nature Clim Change. 2015 Apr;5(4):329-32.
10. Peters JF, Baumann M, Zimmermann B, Braun J, Weil M. The environmental impact of Li-lon batteries and the role of key parameters — A review.
Renewable and Sustainable Energy Reviews. 2017;67:491-506. https://doi.org/10.1016/j.rser.2016.08.039
11.  Nopmongcol U, Grant J, Knipping E, Alexander M, Schurhoff R, Young D. Air quality impacts of electrifying vehicles and equipment across the
United States. Environ Sci Technol. 2017;51(5):2830—7.
12. Ibarra-Gutiérrez S, Bouchard J, Laflamme M, Fytas K. Assessing the potential of quebec lithium industry: Mineral reserves, lithium-ion batteries
production and greenhouse gas emissions. Resources Policy. 2021;74:102371. https://doi.org/10.1016/j.resourpol.2021.102371
13. Sun X, Luo X, Zhang Z, Meng F, Yang J. Life cycle assessment of lithium nickel cobalt manganese oxide (NCM) batteries for electric passenger
vehicles. Journal of Cleaner Production. 2020;273:123006.
14. Flexer V, Baspineiro CF, Galli ClI. Lithium recovery from brines: A vital raw material for green energies with a potential environmental impact in its
mining and processing. Science of The Total Environment. 2018;639:1188—-204.
15. Ellingsen LAW, Singh B, Stramman AH. The size and range effect: lifecycle greenhouse gas emissions of electric vehicles. Environ Res Lett.
2016;11(5):054010.
16. Davidsson Kurland S. Energy use for GWh-scale lithium-ion battery production. Environ Res Commun. 2019;2(1):012001.
17. Lai X, Chen Q, Tang X, Zhou Y, Gao F, Guo Y, et al. Critical review of life cycle assessment of lithium-ion batteries for electric vehicles: A lifespan
perspective. eTransportation. 2022;12:100169. https://doi.org/10.1016/j.etran.2022.100169
18. OuY, Kittner N, Babaee S, Smith SJ, Nolte CG, Loughlin DH. Evaluating long-term emission impacts of large-scale electric vehicle deployment in
the US using a human-Earth systems model. Appl Energy. 2021;300:1-117364. https://doi.org/10.1016/j.apenergy.2021.117364 PMID: 34764534
19. Ellingsen LA-W, Hung CR, Streamman AH. Identifying key assumptions and differences in life cycle assessment studies of lithium-ion traction
batteries with focus on greenhouse gas emissions. Transportation Research Part D: Transport and Environment. 2017;55:82-90. https://doi.
org/10.1016/j.trd.2017.06.028
20. Shafique M, Luo X. Environmental life cycle assessment of battery electric vehicles from the current and future energy mix perspective. J Environ
Manage. 2022;303:114050. https://doi.org/10.1016/j.jenvman.2021.114050 PMID: 34872799
21. Yuksel T, Tamayao MAM, Hendrickson C, Azevedo IML, Michalek JJ. Effect of regional grid mix, driving patterns and climate on the comparative
carbon footprint of gasoline and plug-in electric vehicles in the United States. Environmental Research Letters. 2016;11(4):044007.
22. Miotti M, Supran GJ, Kim EJ, Trancik JE. Personal Vehicles Evaluated against Climate Change Mitigation Targets. Environ Sci Technol.
2016;50(20):10795-804. https://doi.org/10.1021/acs.est.6b00177 PMID: 27676468
23. Tong F, Azevedo IML. What are the best combinations of fuel-vehicle technologies to mitigate climate change and air pollution effects across the
United States?. Environ Res Lett. 2020;15(7):074046. https://doi.org/10.1088/1748-9326/ab8a85
24. JGCRI. GCAM v7.0 Documentation: Global Change Analysis Model (GCAM). 2024. Available from: https://zenodo.org/records/8010145 [cited 2024
April 23].
25. lyer G, Ledna C, Clarke L, McJeon H, Edmonds J, Wise M. GCAM-USA analysis of US electric power sector transitions. Pacific Northwest National

Laboratory. 2017. Available from: https://www.pnnl.gov/main/publications/external/technical_reports/pnnl-26174.pdf

PLOS Climate | https://doi.org/10.1371/journal.pcim.0000714  October 29, 2025 18719



https://www.epa.gov/ghgemissions/inventory-us-greenhouse-gas-emissions-and-sinks-1990-2022
https://www.epa.gov/ghgemissions/inventory-us-greenhouse-gas-emissions-and-sinks-1990-2022
https://doi.org/10.1038/525179a
http://www.ncbi.nlm.nih.gov/pubmed/26354467
https://doi.org/10.1038/s41597-022-01657-z
http://www.ncbi.nlm.nih.gov/pubmed/36050332
https://doi.org/10.5094/apr.2013.004
https://doi.org/10.1016/j.seppur.2022.121389
https://globaltrends.thedialogue.org/wp-content/uploads/2014/12/Electric-Vehicles-in
https://globaltrends.thedialogue.org/wp-content/uploads/2014/12/Electric-Vehicles-in
https://doi.org/10.1016/j.rser.2016.08.039
https://doi.org/10.1016/j.resourpol.2021.102371
https://doi.org/10.1016/j.etran.2022.100169
https://doi.org/10.1016/j.apenergy.2021.117364
http://www.ncbi.nlm.nih.gov/pubmed/34764534
https://doi.org/10.1016/j.trd.2017.06.028
https://doi.org/10.1016/j.trd.2017.06.028
https://doi.org/10.1016/j.jenvman.2021.114050
http://www.ncbi.nlm.nih.gov/pubmed/34872799
https://doi.org/10.1021/acs.est.6b00177
http://www.ncbi.nlm.nih.gov/pubmed/27676468
https://doi.org/10.1088/1748-9326/ab8a85
https://zenodo.org/records/8010145
https://www.pnnl.gov/main/publications/external/technical_reports/pnnl-26174.pdf

PLO?%. Climate

26. Loughlin DH, Nolte CG, Kim GJ, Crowley KL. Users’ Guide for GLIMPSE: a Tool for Integrated Air Climate - Energy Planning, Version 1.1.
EPA/600/B-24/009, U.S. Environmental Protection Agency. 2024. Available from: hitps://www.epa.gov/system/files/documents/2024-02/
glimpse-v1.1_usersguide_508-compliant.pdf

27. EPA, Information on Running MOVES2014b, [cited 2025 July 5] Available from: https://www.epa.gov/moves/information-running-moves2014b

28. EPA, Latest Version of MOtor Vehicle Emission Simulator (MOVES), [cited 2025 July 5] Available from: https://www.epa.gov/moves/
latest-version-motor-vehicle-emission-simulator-moves

29. EPA, Regulations for Greenhouse Gas Emissions from Passenger Cars and Trucks, [cited 2024 May 23] Available from: https://www.epa.gov/
regulations-emissions-vehicles-and-engines/regulations-greenhouse-gas-emissions-passenger-cars-and

30. [EA, Trends and developments in electric vehicle markets, [cited 2024 May 5] Available from: https://www.iea.org/reports/global-ev-outlook-2021/
trends-and-developments-in-electric-vehicle-markets

31. EPA. Greenhouse Gas Emissions from a Typical Passenger Vehicle. August 2023, [cited 2024 May 20th], Available from: https://www.epa.gov/
greenvehicles/greenhouse-gas-emissions-typical-passenger-vehicle

32. U.S. Department of Transportation, Pipeline and Hazardous Materials Safety Administration, Bipartisan Infrastructure Law (BIL)/ Infra-
structure Investment and Jobs Act (IIJA), [cited 2025 July 14], Available from: https://www.phmsa.dot.gov/legislative-mandates/
bipartisan-infrastructure-law-bil-infrastructure-investment-and-jobs-act-iija

33. U.S. Department of Energy, Alternative Fuels Data Center, [cited 2025 July 14], Available from: https://afdc.energy.gov/laws/409#:~:text=The%20
Inflation%20Reduction%20Act%200f,final%20guidance %20for%20more%20information

34. Wang M, Wu M, Huo H. Life-cycle energy and greenhouse gas emission impacts of different corn ethanol plant types. Environ Res Lett.
2007;2(2):024001. https://doi.org/10.1088/1748-9326/2/2/024001

35. Huo H, Wang M, Bloyd C, Putsche V. Life-Cycle Assessment of Energy and Greenhouse Gas Effects of Soybean-Derived Biodiesel and Renew-
able Fuels. Argonne National Laboratory, United States Department of Energy, 2008, ANL/ESD/08-2.

36. U.S. Department of Energy, Biofuels & Greenhouse Gas Emissions, [cited 2025 August 25], Available from: https://www.energy.gov/articles/
biofuels-greenhouse-gas-emissions-myths-versus-facts-0

37. Hill N, Amaral S, Morgan-Price S, Nokes T, Bates J, Helms H, et al. Determining the environmental impacts of conventional and alternatively
fuelled vehicles through LCA. Ricardo-AEA, ifeu, and E4tech report for the European Commission. 2020. Available from: https://op.europa.eu/en/
publication-detail/-/publication/1f494180-bc0e-11ea-811c-01aa75ed71a1

38. Bieker G. A global comparison of the life-cycle greenhouse gas emissions of combustion engine and elec-
tric passenger cars. International Council on Clean Transportation. 2021. Available from: https://theicct.org/
publication/a-global-comparison-of-the-life-cycle-greenhouse-gas-emissions-of-combustion-engine-and-electric-passenger-cars/

39. Kelly JC, Elgowainy A, Isaac R, Ward J, Islam E, Rousseau A, et al. Cradle-to-Grave Lifecycle Analysis of U.S. Light-Duty Vehicle-Fuel Pathways:
A Greenhouse Gas Emissions and Economic Assessment of Current (2020) and Future (2030-2035) Technologies. Argonne National Laboratory,
United States Department of Energy. 2022. Available from: https://doi.org/10.2172/1875764

40. Kelly JC, Dai Q, Wang M. Globally regional life cycle analysis of automotive lithium-ion nickel manganese cobalt batteries. Mitig Adapt Strateg Glob
Change. 2020;25(3).

41. Pillot C. The rechargeable battery market and main trends 2017-2025. Presented at the 35th Annual International Battery Seminar & Exhibit, Fort
Lauderdale, Fort Lauderdale, FL, USA, 2018.

42. Crenna E, Gauch M, Widmer R, Wager P, Hischier R. Towards more flexibility and transparency in life cycle inventories for Lithium-ion batteries.
Resources, Conservation and Recycling. 2021;170:105619. https://doi.org/10.1016/j.resconrec.2021.105619

43. Shindell DT. The social cost of atmospheric release. Climatic Change. 2015;130(2):313-26. https://doi.org/10.1007/s10584-015-1343-0

44. Wu D, Guo F, Field FR 3rd, De Kleine RD, Kim HC, Wallington TJ, et al. Regional Heterogeneity in the Emissions Benefits of Electrified and Light-
weighted Light-Duty Vehicles. Environ Sci Technol. 2019;53(18):10560—70. https://doi.org/10.1021/acs.est.9b00648 PMID: 31336049

45. Burnett R, Chen H, Szyszkowicz M, Fann N, Hubbell B, Pope CA 3rd, et al. Global estimates of mortality associated with long-term exposure to
outdoor fine particulate matter. Proc Natl Acad Sci U S A. 2018;115(38):9592—7. https://doi.org/10.1073/pnas.1803222115 PMID: 30181279

46. Turner MC, Jerrett M, Pope CA 3rd, Krewski D, Gapstur SM, Diver WR, et al. Long-term ozone exposure and mortality in a large prospective study.
Am J Respir Crit Care Med. 2016;193(10):1134—42. https://doi.org/10.1164/rccm.201508-16330C PMID: 26680605

PLOS Climate | https://doi.org/10.1371/journal.pclm.0000714  October 29, 2025 19/19



https://www.epa.gov/system/files/documents/2024-02/glimpse-v1.1_usersguide_508-compliant.pdf
https://www.epa.gov/system/files/documents/2024-02/glimpse-v1.1_usersguide_508-compliant.pdf
https://www.epa.gov/moves/information-running-moves2014b
https://www.epa.gov/moves/latest-version-motor-vehicle-emission-simulator-moves
https://www.epa.gov/moves/latest-version-motor-vehicle-emission-simulator-moves
https://www.epa.gov/regulations-emissions-vehicles-and-engines/regulations-greenhouse-gas-emissions-passenger-cars-and
https://www.epa.gov/regulations-emissions-vehicles-and-engines/regulations-greenhouse-gas-emissions-passenger-cars-and
https://www.iea.org/reports/global-ev-outlook-2021/trends-and-developments-in-electric-vehicle-markets
https://www.iea.org/reports/global-ev-outlook-2021/trends-and-developments-in-electric-vehicle-markets
https://www.epa.gov/greenvehicles/greenhouse-gas-emissions-typical-passenger-vehicle
https://www.epa.gov/greenvehicles/greenhouse-gas-emissions-typical-passenger-vehicle
https://www.phmsa.dot.gov/legislative-mandates/bipartisan-infrastructure-law-bil-infrastructure-investment-and-jobs-act-iija
https://www.phmsa.dot.gov/legislative-mandates/bipartisan-infrastructure-law-bil-infrastructure-investment-and-jobs-act-iija
https://afdc.energy.gov/laws/409#:~:text=The%20Inflation%20Reduction%20Act%20of,final%20guidance%20for%20more%20information
https://afdc.energy.gov/laws/409#:~:text=The%20Inflation%20Reduction%20Act%20of,final%20guidance%20for%20more%20information
https://doi.org/10.1088/1748-9326/2/2/024001
https://www.energy.gov/articles/biofuels-greenhouse-gas-emissions-myths-versus-facts-0
https://www.energy.gov/articles/biofuels-greenhouse-gas-emissions-myths-versus-facts-0
https://op.europa.eu/en/publication-detail/-/publication/1f494180-bc0e-11ea-811c-01aa75ed71a1
https://op.europa.eu/en/publication-detail/-/publication/1f494180-bc0e-11ea-811c-01aa75ed71a1
https://theicct.org/publication/a-global-comparison-of-the-life-cycle-greenhouse-gas-emissions-of-combustion-engine-and-electric-passenger-cars/
https://theicct.org/publication/a-global-comparison-of-the-life-cycle-greenhouse-gas-emissions-of-combustion-engine-and-electric-passenger-cars/
https://doi.org/10.2172/1875764
https://doi.org/10.1016/j.resconrec.2021.105619
https://doi.org/10.1007/s10584-015-1343-0
https://doi.org/10.1021/acs.est.9b00648
http://www.ncbi.nlm.nih.gov/pubmed/31336049
https://doi.org/10.1073/pnas.1803222115
http://www.ncbi.nlm.nih.gov/pubmed/30181279
https://doi.org/10.1164/rccm.201508-1633OC
http://www.ncbi.nlm.nih.gov/pubmed/26680605

