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Abstract
Battery electric vehicles (BEVs) have received increasing attention in recent years as BEV technical
capabilities have rapidly developed. While many studies have attempted to investigate the societal
impacts of BEV adoption, there is still a limited understanding of the extent to which widespread
adoption of BEVs may affect both environmental and economic variables simultaneously. This
study intends to address this research gap by conducting a comprehensive impact assessment of
BEV adoption. Using demand estimates derived from a discrete choice experiment, the impact of
various scenarios is evaluated using a computable general equilibrium model. Three drivers of BEV
total cost of ownership are considered, namely, subsidy levels, cash incentives by manufacturers,
and fuel costs. Furthermore, in light of current trends, improvements in BEV battery
manufacturing productivity are considered. This research shows that changes in fuel price and
incentives by manufacturers have relatively low impacts on GDP growth, but that the effect of
subsidies on GDP and on BEV adoption is considerable, due to a stimulus effect on both
household expenditures and on vehicle-manufacturing-related sectors. Productivity shocks
moderately impact GDP but only affect BEV adoption in competitive markets. Conversely, the
environmental impact is more nuanced. Although BEV adoption leads to decreases in tailpipe
emissions, increased manufacturing activity as a result of productivity increases or subsidies can
lead to growth in non-tailpipe emissions that cancels out some or all of the tailpipe emissions
savings. This demonstrates that in order to achieve desired emissions reductions, policies to
promote BEV adoption with subsidies should be accompanied by green manufacturing and green
power generation initiatives.

1. Introduction

Transportation has overtaken power generation as the
largest single source of greenhouse gas emissions in
the United States. A key to reducing the carbon foot-
print of this sector is the widespread adoption of
battery electric vehicles (BEVs), which, unlike hybrid-
electric vehicles (HEVs) or plug-in HEVs (PHEVs),
do not have an onboard combustion engine. Des-
pite the increasing maturity of BEV technology, the
share of BEVs in the US private fleet remains very
low. One reason for this may be the fact that, on aver-
age, BEVs continue to be more expensive to purchase

than conventional or hybrid vehicles of comparable
size and type, although this is partially offset by the
lower operating costs of BEVs (Breetz and Salon
2018). Since 2007, in an effort to boost BEV adop-
tion, US federal and state governments have created
tax incentives and fee rebate mechanisms in order to
reduce the purchase price that end consumers pay for
a BEV.

There are currently several developments that
could increase BEV adoption in the near future. First,
there is a push by US policymakers to renew fed-
eral subsidies for BEVs since the previous federal tax
credit, which offered purchasers of a new BEV up to
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$7500, is being phased out. The Clean Cars for Amer-
ica proposal would invest $454 billion into electri-
fying the US automobile fleet. Subsidies would start
at $3000 per new vehicle purchase and could reach
$5000–$8000 according to some estimates. Second,
an increasing number of automotivemanufacturers is
launching new BEVmodels with purchase prices that
are comparable to upper-class conventional vehicles.
As the number of BEVs on the market grows, manu-
facturers may offer cash incentives to potential buy-
ers (Bjerkan et al 2016). Third, there are continued
productivity improvements in battery manufactur-
ing, with corresponding reductions in the cost of BEV
batteries (Hensley et al 2012). Reductions of BEVpur-
chase prices as a result of these factors would dir-
ectly affect adoption rates, but they are overlaid with
another relatively unpredictable factor, namely, the
development of fuel prices. A lower fuel price may
negatively affect BEV adoption by eroding the oper-
ating cost advantage of BEVs when compared to con-
ventional vehicles (Sierzchula et al 2014, Bjerkan et al
2016) and thereby counteract some of the effects of
purchase price reductions. A higher fuel price, on the
other hand, would have a compounding effect.

While these factors all affect BEV adoption, the
changes that each factor causes in capital flows would
ripple through various industry sectors and supply
chains in different ways, with different effects on
the overall economy. Moreover, the different impacts
apply to emissions patterns as well, which arguably
are the ultimate goal of BEVadoptionpolicies. Reduc-
tions in tailpipe emissions are only one effect of
BEV adoption, as one must also consider the emis-
sions caused by themanufacturing,maintenance, and
operation of BEVs as well as the conventional and
hybrid vehicles they replace.

With this background in mind, the objective of
our paper is to assess the broad economic impacts of
various BEV adoption scenarios, taking into account
the economic effects on household expenditure pat-
terns as well as the automotive industry and associ-
ated sectors as a whole. Furthermore, we assess the
impacts on greenhouse gas emissions, including dir-
ect emissions by combustion engines, power gener-
ation for charging BEVs, and non-tailpipe emissions
generated by automotive manufacturing. We aim to
compare the four impact drivers outlined above (sub-
sidies, purchase price adjustments, fuel costs, and bat-
tery manufacturing productivity improvements) in
order to gain an understanding of the relative mag-
nitudes of the potential effects, both on their own
and compared to each other. This can inform poli-
cymaking and pave the way for assessing the effects
of combined economic and technological trends in
future research. To achieve this objective, we present
a combination of a computable general equilibrium
(CGE) model of 70 economic sectors that captures
economy-wide effects with a discrete choice model of
consumers’ vehicle purchasing behavior. The discrete

choice model was estimated using a unique, stated
preference data set on BEV adoption that was collec-
ted in three US regions in 2019.

The rest of the paper is organized as follows.
Section 2 provides a literature review with a focus
on BEV adoption and the economic impact assess-
ment of BEV adoption using CGEmethods. Section 3
introduces the modeling framework, scenarios and
data. Section 4 presents the simulation results, and
section 5 discusses the implications, and section 6
concludes.

2. Literature review

Given the rapid development of BEV technology,
many studies have attempted to understand what
factors affect the adoption of BEVs. Two research
methods were primarily adopted. The first one is an
econometric analysis of revealed and stated prefer-
ence data. Rezvani et al (2015) found that the adop-
tion of BEVs is affected by several factors, such as
purchase cost, hands-on experience with BEV tech-
nology, emotions related to driving a BEV, and envir-
onmental concerns. Coffman et al (2016) categor-
ized the factors driving BEV adoption as internal or
external, referring to the characteristics of the BEV
itself and to factors that are beyond the direct control
of BEV car manufacturers. Specifically, battery costs,
purchase price, driving range, and charging timewere
considered internal factors, whereas fuel prices, policy
incentives, consumer characteristics, availability of
charging stations, travel distances, public visibility,
and vehicle diversity were considered external factors.
Macro-effects of unemployment and fuel prices were
also found to drive the adoption of hybrid vehicles
in the US (Jenn et al 2013), a finding that may also
apply to BEVs, and Mersky et al (2016) found that
the growth of BEV sales was closely linked to regional
income levels. Hess et al (2012) used a cross-nested
logit model to understand the combined decision on
vehicle type and fuel type, and they found that incent-
ives were necessary to promote consumer interest in
BEVs. Similarly, Breetz and Salon (2018) concluded
that state and federal subsidies were necessary for
BEVs to be cost-competitive in 14 US cities. Lang-
broek et al (2016) evaluated the effect of policy incent-
ives on BEV adoption and showed that policy incent-
ives have a positive influence on adoption.

Several pioneering works have also adopted CGE
models to evaluate the environmental impacts of
electric vehicle adoption. For instance, Karplus et al
(2020) evaluated the conditions under which the
PHEV could most contribute to reductions in green-
house gas emissions in the US and Japan. Both the
vehicle cost and climate policy were evaluated using
CGE analysis. Their results showed that the potential
of PHEV adoption on emissions reduction depends
on the carbon intensity of electric power generation.
Schmelzer et al (2018) evaluated the social costs and
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benefits of electric vehicles in Austria. One highlight
of their analysis is that the CGE assessment is integ-
rated with a discrete choice model to estimate the
demand for overall vehicle purchases through the
change of a price index for aggregated vehicle pur-
chases. However, one major limitation of this study
is that the stimulus effects of subsidy on both BEV
adoption and vehiclemanufacturing productionwere
not considered. Similarly, Hirte and Tscharaktschiew
(2013) examined optimal subsidy levels for BEV
adoption in Germany. While the evaluation was con-
ducted through shocks of the power tax in a spatial
CGEmodel, the direct effects of the subsidy on vehicle
manufacturing sectors were not modeled explicitly.
Miyata et al (2017) provided a different assessment
of the economic impact of subsidies on BEV adop-
tion in a Japanese city. Based on hypothetical simula-
tion scenarios, their study showed that an increased
subsidy of BEV-related sectors is likely to pro-
mote economic growth and reduce greenhouse gas
emissions.

The aforementioned studies to evaluate the eco-
nomic impact of BEV adoption have two major
shortcomings. First, many lacked behavioral realism
regarding consumer responses, either because of data
or model limitations. Therefore, they performed the
impact assessments based on hypothetical scenarios
that were not grounded in behavioral data or using
simplified, reduced-form models. Although some
studies exist that incorporate behavioral data, evid-
ence from the US context remains sparse. Second,
they generally focused on specific aspects of con-
sumer costs, but did not consider multiple drivers
of the total cost of ownership (TCO) of BEVs con-
currently. This limited their ability to compare the
impacts of different drivers of the TCO that ulti-
mately affect BEV adoption. This paper extends the
previous literature in several ways. First, our assess-
ment was conducted by integrating a discrete choice
survey and a CGE model, thus ensuring that the res-
ults are behaviorally realistic. Second, we present
a framework for the environmental and economic
impact of BEV adoption. It recognizes the vari-
ous factors that affect TCO, and ultimately, BEV
adoption, but also considers changes in non-tailpipe
emissions as well as tailpipe emissions for a holistic
assessment. Based on this framework, we present an
evaluation of key direct impact drivers across sev-
eral scenarios, including demand-side effects due
to price reductions, fuel cost changes, and subsidy
policies, and supply-side effects, such as improve-
ments in battery manufacturing productivity. This
allows us to compare and contrast different mech-
anisms driving BEV adoption. The framework and
results have the potential to facilitate decision-
making on future BEV investment and policies
to achieve better economic and environmental
outcomes.

3. Methods andmaterials

3.1. Modeling framework
To fill these research gaps, we developed a compre-
hensive modeling framework capturing the various
key drivers affecting BEV adoption (see figure 1)
based on the literature review. In general, BEV adop-
tion is likely to be influenced by four main factors:
the prevalence of BEV charging infrastructure, TCO,
vehicle characteristics, and the preferences and atti-
tudes of consumers (Coffman et al 2016, Liao et al
2017, Singh et al 2020). TCO is driven by five factors,
including purchase costs, energy costs, depreciation
costs, insurance, maintenance and repair costs. The
purchase cost, in turn, is driven by the availability
of subsidies (e.g. tax rebates), price incentives from
manufacturers, the productivity of battery manufac-
turing, and the productivity of the manufacturing of
other vehicle components. Preferences and attitudes
are influenced, among other things, by consumers’
degree of awareness of environmental issues.

Our assessment focuses on examining the effect
of the four factors highlighted in yellow due to the
following considerations. First, subsidies offered by
the government are policy-relevant and represent a
mechanism for exerting direct control over the pur-
chase price and thus BEVadoption.Hence, the under-
standing of the effect will provide important implic-
ations to develop a sound policy for BEV adoption.
Incentives offered bymanufacturers to consumers are
another mechanism affecting purchase prices. Such
incentives may become more common as competi-
tion between BEV manufacturers intensifies, so it is
important to understand their implications. Second,
we assess the impact of energy costs, which tend to
fluctuate but are a major driver of the TCO and
are expected to be central to a consumer’s decision
regarding fuel type. Lastly, we consider a technolo-
gical trend that uniquely affects BEVs, and that has
a major impact on BEV purchase prices, namely, the
productivity of batterymanufacturing.Given that our
assessment focuses on the short-run impact of BEV
adoption, we omit depreciation andmaintenance and
repair costs, which depend on the duration of vehicle
ownership and are very uncertain at the time of pur-
chase, as well as insurance costs. The influence of
these factors on BEV adoption is assumed to be neg-
ligible (Van Velzen et al 2019)5. Lastly, advances in
vehicle component manufacturing productivity are
expected to be lower than in battery manufactur-
ing (Lutsey and Nicholas 2019) and are hence also
omitted.

5 Van Velzen et al (2019) propose a future framework to estim-
ate the total cost of ownership for BEVs, and none of those are
perceived as important factors affecting BEV TCO development in
both their self-collected interview data and literature analysis.
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Figure 1. Conceptual framework of the impact evaluation of BEV adoption.

To evaluate the impact of the highlighted factors,
we conduct a CGE analysis. CGE models are gener-
ally considered a state-of-the-art approach to mac-
roeconomic impact assessment. The model reflects
multi-market interactions in the form of behavioral
responses of individual producers and consumers
to changes in prices, technology, taxes, and other
external shocks, subject to constraints on capital,
labor, and natural resources (Dixon and Rimmer
2002). A CGE model characterizes the economy
as a set of interconnected supply chains. It rep-
resents a significant advance over its predecessor,
input–output (I–O) analysis, by maintaining the I–O
model’s strengths (Chen and Rose 2018) while over-
coming several limitations (Rose 1995). CGE mod-
els have been used extensively to assess environmental
and economic impacts of transportation infrastruc-
ture investment (e.g. Truong andHensher 2012, Chen
and Haynes 2014, Chen et al 2016), and even BEV
adoption (e.g. Karplus et al 2010, Schmelzer et al
2018).

We performed our assessment using an upgraded
version of the US Computable General Equilibrium
(USCGE) model6. It consists of 70 producing sec-
tors, along with nine household income groups, three
government actors (two federal and one state and
local), and external agents (i.e. foreign producers).
The model is static, as it does not trace the time-path
of impacts, such as economic cycles associated with
employment and investment changes.

International trade is represented through
an Armington substitution function between
imports and domestic production and constant

6 The model was originally developed by Oladosu and Rose for
environmental policy analysis (Rose and Oladosu 2002) and for
consequence analysis of natural disasters and terrorism events
(Rose et al 2009). The model was previously used to analyze the
impact of cyber-attacks on automobile industries (Rose and Chen
2020).

elasticity of transformation function between exports
and domestic sales. Household consumption is
represented by a linear expenditure system of aggreg-
ate commodities. The input and import substitu-
tion elasticity parameters were sourced and checked
against extant literature. The production activities
are structured in the form of a constant elasticity of
substitution (CES), in which factor inputs, such as
capital and labor, are substitutable, subject to the
input share parameter and the CES. The produc-
tion function is hierarchical, representing sequential
decision-making relating to the choice of input com-
binations in each tier or ‘nest.’ Figure 2 illustrates
the nesting structure of the production activities in
the model. The structure was revised from Rose et al
(2009) and Chen and Rose (2018), with a disaggreg-
ated structure to reflect substitution among various
intermediate sectors, including a specific structure of
16 vehicle-manufacturing-related sectors.

The CGE model simulates macroeconomic
impacts in terms of changes in gross output and
GDP as a response to a shock. To measure the vari-
ous effects of BEV adoption, exogenous variables in
the USCGE model must be identified appropriately
for each direct impact driver. Given the impact of
purchase prices and fuel costs on BEV adoption, the
economic impact of adoption is modeled through
corresponding changes in household expenditures.
Several scenarios in which government subsidies for
BEV adoption are provided are modeled through a
negative shock of the ad valorem tax on vehicle man-
ufacturing and service-related sectors. A higher level
of subsidy corresponds to a larger tax reduction on
vehicle manufacturing-related sectors7. The impact
of batterymanufacturing productivity improvements

7The effect of subsidies is essentially treated as a positive incentive
in the form of financial aid or support extended to BEV related eco-
nomic sector. Hence, the effect can bemeasured through a negative
shock of the indirect business tax (in other words, a reduction of
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gnirutcafunamrotarenegdnarotoM=GMVMrobaL=L

kcurtthgiL=USVMlatipaC=K  and utility vehicle manufacturing 

gnirutcafunamkcurtytudyvaeH=DHVMygrenE=E

toM=MBVMsleuflissoF=LEUF or vehicle body manufacturing 

nednaenigneenilosagelcihevrotoM=EGVMyticirtcelE=CELE gine parts manufacturing 

OTHAM = Other agriculture and manufacturing MVEE = Motor vehicle electrical and electronic equipment manufacturing 

MCAR = Vehicle manufacturing MOVT = Other motor vehicle manufacturing 

toM=PVOMsecivresrehtO=SHTO or vehicle transmission and power train parts manufacturing 

rotoM=ISVMtropsnartriA=riA  vehicle seating and interior trim manufacturing 

M=SMVMtropsnartdaoR=daoR otor vehicle metal stamping 

otoM=SSVMtropsnartliaR=liaR r vehicle steering and suspension component manufacturing 

M=EASVtropsnartretaW=retaW otor vehicle and parts wholesalers and dealers 

Other = Other transport services AERL = Automotive equipment rental and leasing 

MVAV= Automobile manufacturing VMRS = Automotive repair and maintenance 

MVBA = Battery manufacturing   

KEL M 

Service Agriculture & Manufacturing TransportKE L 

Intermediate Goods 

SCAROTHS MCAROTHAAir Road E K   Rail Water Other

ELEC FUEL MVMG MVBA MVAU MVSU MVBM MVGE 

MVEE MVOT

MVHD VSAE AERL VMRS

KELM Level 1 

Level 2 

Level 3 

Level 4 

Level 5 

Level 6 

MVTP MVSI MVSS MVMS

Figure 2. The production nesting structure of the upgraded USCGE model.

was implemented by shocking the factor productiv-
ity parameter at Level 5 (the vehicle-manufacturing
level) for the battery manufacturing sector.

3.2. Scenarios
Following themotivation for this research, we defined
12 scenarios for the analysis, including one base scen-
ario. At the time of the study, all common BEV
models were sedans, so the analysis focused exclus-
ively on the sedan market. Overall vehicle sales, as
well as the markets for all other vehicle types (e.g.
SUVs, pickup trucks) were assumed to remain con-
stant. Considering the data used for this analysis, the
baseline year was defined as 2018, with the scenarios
covering hypothetical changes over a 6 year period
from the beginning of 2019 to the end of 2024. The
base scenario (S0) assumes that in 2024 the aver-
age price for a new BEV is $40 000 and the aver-
age US fuel price remains at the 2018 level, namely,
$2.71 gallon−1 (US Energy Information Administra-
tion 2020). The base price of BEVs was obtained as
the average price of a Tesla Model 3 in 2018, which
accounted for about 59% of total BEV sales in 2018
(US Department of Energy 2020a). The average pur-
chase prices of conventional and hybrid vehicles were

tax rate), which is a standard approach to measure subsidy in CGE
modeling (see, e.g. Miyata et al 2018).

$22 500 and $27 500, respectively, andwere not varied
across scenarios. The technical capabilities and attrib-
utes of the vehicles remained fixed throughout the
analysis unless otherwise stated. We investigated two
fuel price scenarios (S1 and S2), namely, a 20% drop
in fuel costs to $2.17 gallon−1 and a 20% increase
to $3.25 gallon−1. Future gas price fluctuations are
likely due to several factors, for instance, pressure
due to decreasing demand for gasoline as consumers
switch to BEVs, but also cutbacks in oil supply by
oil-producing countries in order to prop up gasoline
prices.

Two scenarios (S3 and S4) in which BEV purchase
prices drop by $1000 and $3000 due to pricing incent-
ives by manufacturers but without a subsidy were
investigated. It is assumed that manufacturers’ lost
revenue due to these incentives is not reimbursed by
the government. Two scenarios (S5 and S6) in which
government subsidies of $3000 and $8000 are offered,
thereby lowering the purchase price.We assumed that
the $3000 and $8000 represented the aggregate sub-
sidy from all government sources, but due to the data
limitations, the cost of administering a subsidy pro-
gram was not considered. Furthermore, four scen-
arios (S7–S10) were defined inwhich the productivity
of battery manufacturing increases. Based on Lutsey
and Nicholas (2019), who suggested that BEV battery
costs decrease by about 7% annually, we developed
a lower-bound productivity increase scenario (S7)

5



Environ. Res. Lett. 16 (2021) 045011 Z Chen et al

Table 1. Direct impact drivers of various simulation scenarios.

ID Scenario
BEV sedans
2024a BEV price

Household
expenditure
changeb

Subsidy
shockc

Fuel price
($ gallon−1)

Battery man-
ufacturing
productivityd

S0 Base case 23.57% $ 40 000 0.97% $2.71
S1 Lower-bound

fuel cost
20.22% $ 40 000 0.90% $2.17

S2 Upper-bound
fuel cost

27.09% $ 40 000 1.05% $3.25

S3 Price reduction of
$1000

25.21% $ 39 000 0.97% $2.71

S4 Price reduction of
$3000

28.60% $ 37 000 0.96% $2.71

S5 Subsidy of $3000 25.16% $ 37 000 0.96% −2.83% $2.71
S6 Subsidy of $8000 37.76% $ 32 000 0.83% −9.84% $2.71
S7 LB productivity

shocke
23.57% $ 40 000 0.97% $2.71 7%

S8 UB productivity
shocke

23.57% $ 40 000 0.97% $2.71 14%

S9 LB productivity
and price shockse

29.95% $ 36 196 0.94% $2.71 7%

S10 UB productivity
and price shockse

35.12% $ 33 380 0.81% $2.71 14%

S11 LB simultaneous
casee

35.44% $ 33 196 0.87% −2.83% $2.17 7%

S12 UB simultaneous
casee

50.09% $ 25 380 0.96% −9.84% $3.25 14%

Notes
a Percentage of new sedan sales that are assumed to be BEVs in 2024.
b The annual change in household expenditures on new vehicle purchases was calculated based on the estimated annual sales of BEVs,

hybrid, and conventional vehicles from the discrete choice model and the assumed vehicle prices. This takes into account all new vehicle

sales. The annual change is relative to the corresponding expenditures in 2018.
c The subsidy shock captures the effects of BEV subsidies through a negative shock of sales taxes on the corresponding vehicle-related

sectors. The percent change was calculated using estimated demand for BEVs times the subsidy amount per vehicle, then divided it by

the total sales tax on the related sectors.
d Adjustment of productivity parameter of the vehicle battery sector ‘MVBA’ by the corresponding amount.
e LB= lower bound; UB= upper bound.

of 7% annually and an upper-bound scenario (S8)8.
Hence, BEV adoption rates would not be affected,
but there would nonetheless be economic effects. In
the other two scenarios (S9 and S10), we assumed
that the market for BEVs was perfectly competitive
and that all savings were passed on to consumers in
the form of purchase price reductions, thus affecting
BEV adoption rates. Lastly, two ‘simultaneous’ scen-
arios (S11 and S12) were defined where the effects of
fuel prices, subsidies, and productivity shocks in per-
fectly competitive market conditions were combined.
The lower-bound simultaneous case (S11) includes
the lower-bound fuel cost, subsidy shock, and pro-
ductivity shock, and the upper-bound simultaneous
case (S12) includes the respective upper-bound cases.

Table 1 shows an overview of the scenarios.
For each scenario, the percentages of new vehicles
purchased per year that are conventional vehicles,

8The markup of price over production cost savings depends on
the market power of the firm(s) in the industry (Clarke and Davies
1982, Hall 2018). For simplicity, we assume a monopolist obtains
all the cost savings as profit opportunity.

hybrid vehicles, and BEVs were estimated using a
discrete choice model (see section 2.3). Since the
respective choice experiment focused on participants
who were planning to buy a new vehicle in the 5 years
spanning 2019–2024, we assumed that the engine
type distribution estimated by the discrete choice
model represented market shares of new sedans at
the end of the analysis period, in 2024. Thus, under
the base scenario (S0), we estimated that in 2024,
23.57% of new sedans would be BEVs. Market shares
from 2019 to 2023were linearly interpolated and used
to calculate household expenditures per year on new
sedans, given the average vehicle prices assumed in
each scenario. Hence, annual household expenditure
changes were used as input to the CGE model.

3.3. Data
The analysis was conducted using three data sources.
First, the economic data used for the CGE analysis is a
social accounting matrix of the US national economy
in 2018, which was obtained from IMPLAN and con-
sisted of 70 economic sectors. Second, the data for the
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estimation of the discrete choicemodel were collected
between May and December 2019 during an online
survey of 1657 individuals, including 711 respond-
ents from the Los Angeles metropolitan area, 527
from the Atlanta metropolitan area, and 417 from the
three major metropolitan areas in Ohio (Columbus,
Cincinnati, Cleveland). All respondents had indicated
that they planned to buy a new (not used) car within
the next 5 years. Respondents were presented with
eight hypothetical choice situations where they were
asked to imagine that they were buying a new vehicle
and that they had narrowed down their choices to
three vehicles with different engine types (conven-
tional, hybrid, and BEV) but otherwise identical spe-
cifications. The attributes that were shown for each
vehicle included the purchase price, annual fuel-
equivalent costs, and annual CO2 emissions. These
attributes of each vehicle type were varied across
the eight choice situations, following an orthogonal
design. Other vehicle attributes were not explicitly
mentioned to respondents and were assumed to be
the same across choice situations. Data validity was
ensured through the inclusion of a ‘status quo’ altern-
ative, a ‘cheap talk’ (Varela et al 2014), and attention
checks.More details on the design of the choice exper-
iment are provided in appendix 1 (available online at
stacks.iop.org/ERL/16/045011/mmedia). The survey
data were not specifically collected for the purposes
of this analysis, and thus do not capture all elements
shown in figure 1. For instance, maintenance and
repair costs, depreciation, and charging infrastruc-
ture were not included. We estimated a mixed multi-
nomial logit model of vehicle engine type choice with
random coefficients, as explained further in appendix
2. The market shares for the scenarios were then
generated by simulation, using the estimated coeffi-
cient values and the characteristics of the decision-
makers in the data set. Third, the CO2 emissions per
year for each scenario were calculated using emis-
sion factors from the US Environmental Protection
Agency (EPA)’s annual Inventory of US Greenhouse
Gas Emissions and Sinks (US EPA, 2020) in the case of
non-tailpipe emissions and the Alternative Fuels Data
Center in the case of tailpipe emissions (US Depart-
ment of Energy 2020b).

4. Results

The results of the CGE analysis are summarized
in table 29. In the base case, BEV adoption is

9The sensitivity of the various shocks of the CGE model with
respect to the change of the economic impact outcome was sum-
marized in appendix 3. In addition, we also tested the sensitivity
of the two fundamental parameters: elasticities of substitution for
factor input, and the Armington elasticity. The impact result shows
a consistent linear relationship with respect to the changes of vari-
ous CGE input variables and key elasticity parameters.

likely to increase the gross output and GDP of the
national economy by $0.464 billion and $0.377 bil-
lion, respectively, and both non-tailpipe and tailpipe
CO2 emissions would decrease. Scenarios S1 and S2
show that while BEV adoption is moderately sensit-
ive to fuel cost, the corresponding changes in annual
GDP are. The BEV price reductions by $1000 and
$3000 in scenarios S3 and S4 are likely to generate
an increase in GDP of $0.377 billion and $0.372 bil-
lion, respectively. The price reduction of $1000 does
not reduce CO2 emissions as much as a 20% increase
in fuel costs, and the corresponding change in house-
hold expenditures is so small that the effect on GDP
is not detectible. In the case of the $3000 price drop,
the substitution of BEVs for conventional vehicles in
combination with the lower purchase prices results
in slightly reduced aggregate household expenditures
and thus, in a negative effect on the economy in the
short run. BEV subsidies were found to have a signi-
ficant positive effect on the economy. The difference
between the lower-bound and upper-bound subsidy
in national GDP growth is estimated to be $7.744 bil-
lion, or 0.036% of total GDP. Again, BEVs are sub-
stituted for conventional vehicles, but subsidies com-
pensate for the decreased household expenditures.
Scenario S7 through S10 present the results of pro-
ductivity shocks in battery manufacturing in mono-
polistic andperfectly competitivemarkets. The results
show that if savings are not passed on to consumers, a
marginally higher GDP growth is achieved compared
to the competitive market situation, but in the latter
case, the CO2 reduction effect is higher. The ‘simul-
taneous’ scenarios (S11 and S12) showoverall positive
effects on the economy, with the upper-bound case
generating GDP growth equivalent to 0.06% of total
GDP.

With the exception of the upper-bound sub-
sidy scenarios, the impacts of the different scen-
arios on non-tailpipe emissions were generally small.
In those cases, the CO2 tailpipe emissions savings
were significantly greater than the changes in non-
tailpipe CO2 emissions, and even though the latter
were both positive and negative, the combined effect
was consistently negative. Decreases in non-tailpipe
CO2 emissions were due to the effects of household
expenditure changes and a shift of economic activ-
ity to less polluting industrial sectors. However, sub-
sidies and productivity improvements tend to result
in an increase in non-tailpipe CO2 emission, which
could be due to growing production capacities both
upstream and downstream of vehicle manufactur-
ing sectors. Thus, the stimulus effects of these shocks
essentially outweigh the dampening effects caused
by changes in household expenditures. In scenarios
S6 and S12, however, the significant subsidy effect
achieved through a reduction of indirect taxes on the
vehicle-manufacturing sectors, combined with pro-
ductivity increases, boosts economic activity and res-
ults in increased non-tailpipe CO2 emissions that
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are not fully offset by the savings in tailpipe CO2

emissions.

5. Discussion

Our results provide a valuable comparison of the
economic and environmental effects of different
scenarios for BEV adoption and battery manufac-
turing productivity. The effects on GDP and CO2

were found to vary considerably and highlight the
importance of performing holistic assessments of
the impacts of BEV adoption that consider the spe-
cific mechanisms driving adoption rates. Under the
base case, BEV adoption would grow without fur-
ther interventions thanks to changing consumer pref-
erences and BEVs becoming available at the $40 000
price point. Subsidies and price reductions would fur-
ther increase BEV adoption relative to the base case,
with the only exception being the scenario in which
fuel prices drop with no changes in BEV purchase
prices to balance out that effect.

Changes in fuel price and incentives provided by
manufacturers with no public subsidies have relat-
ively low impacts onGDP growth in percentage terms
of overall GDP. Subsidies and productivity shocks, on
the other hand, have larger impacts on GDP growth.
In fact, the results show that subsidies represent the
most effective way of boosting BEV adoption as well
as GDP. A subsidy of $8000 could generate an annual
GDP value change of $11.231 billion, which exceeds
the $9.815 billion that we estimate the direct cost of
the subsidies to be. To a lesser extent, this effect is also
present with a $3000 subsidy, leading us to conclude
that both subsidy scenarios have positive net effects
on economic growth. Such a result is not surpris-
ing, as the subsidy on BEV was modeled as a negat-
ive shock of the ad valorem tax, which promotes eco-
nomic growth through a positive shock of the vehicle-
manufacturing-related sectors. A productivity shock
in a monopolistic market would lead to marginally
higher GDP growth than if the price reductions were
passed on to consumers (i.e. the perfectly competitive
market), but in the latter case, the BEV adoption rate
would be boosted. Such a result reveals the fact that
any incentive strategies involving a price reduction
would lead to the substitution of BEVs for (internal
combustion engines) ICEs, which is likely to generate
a mild negative consequence to the economy due to
the drop of the aggregate household expenditure on
new vehicle purchases. This also reflects the fact that
in the short-run, a higher level of BEV adoption may
be unavoidably associated with a dampening effect on
the macroeconomy due to its negative influence on
the ICE manufacturing-related economic activities.

The environmental effects paint a more com-
plex picture: In the case of productivity shocks
and subsidies, the increased availability of capital
in the automotive manufacturing sector would lead

to growth in manufacturing activity. This, in turn,
would increase non-tailpipe CO2 emissions. The net
sum of non-tailpipe and tailpipe CO2 emissions is
lower than the base case in only three scenarios, S2–
S4. In all other scenarios, overall emissions would
decrease less than in the base case. Nonetheless, all
scenarios except those with subsidies of $8000 still
lead to a reduction in CO2 emissions relative to
the starting point, generally around 0.02%–0.03%
of total US emissions. On the other hand, due to
manufacturing growth, the $8000 subsidies lead to
growth in non-tailpipe CO2 emissions that exceed the
savings from reduced tailpipe CO2 emissions. This
leads to net increases of around 0.007%–0.008% of
total US emissions. Thus, while high subsidies have
a large positive effect on economic growth and BEV
adoption, it is imperative that they be accompanied
by other policies to promote greener manufacturing
practices and greener power generation in order to
avoid growth in emissions. In this context, greener
power generation would reduce the emissions caused
by charging BEVs. Our results further show that pro-
ductivity shocks in a competitive market, where sav-
ings are passed on to consumers, have a clear advant-
age over the scenarios in monopolistic markets in
terms of emissions outcome. We assume that in real-
ity, the outcome of a productivity shock would like
somewhere between these two bounds.

The simultaneous cases recognize that realistic-
ally, several developments are likely to occur. The
upper-bound case can be thought of as a ‘best-case’
scenario in which high subsidies coincide with large
gains in manufacturing productivity and a rising gas
price. Taken together, these trends would yield an
additional $1.2 billion in GDP growth. The lower-
bound simultaneous scenario, in which fuel prices
move in such a way as to counteract more modest
BEV subsidies and productivity improvements, shows
that even fuel price drops cannot cancel out the eco-
nomic benefits of the BEV subsidy and productivity
improvement.

6. Conclusion and limitations

In conclusion, we find that subsidies for BEV
adoption have very desirable effects both in terms
of boosting economic growth and BEV adoption.
Our results also demonstrate the importance of con-
sidering emissions holistically, as changes in non-
tailpipe emissions can undo some of the benefits
of BEV adoption from reduced tailpipe emissions.
Therefore, in order to reap the full environmental
benefits of BEV adoption, it is important to con-
sider strategies for reducing non-tailpipe CO2 emis-
sions fromvehiclemanufacturing and emissions from
power generation.

We find that subsidies have significantly more
leverage on GDP and BEV adoption than changes
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in fuel price, and by maintaining capital flows into
the manufacturing sector, potential GDP losses due
to non-subsidized price drops are avoided and the
industry’s transition to greener products is supported.
A combination of subsidies with rising productivity
and fuel price trends can further amplify the posit-
ive effect of the subsidies. Our research findings are
consistent with Miyata et al (2018), who also found
a positive effect of BEV subsidies on GDP and CO2
emissions in Japan. Conversely, our findings differ
from Hirte and Tscharaktschiew (2013), who con-
cluded that subsidies had an opposite effect on the
economy in Germany. These seemingly contradictory
results may be attributable to the way in which sub-
sidies were incorporated in the CGE analysis, where
Hirte and Tscharaktschiew used a negative shock of
the power tax instead of the BEV-related manufac-
turing sectors. We hope that the evaluation frame-
work introduced in this study will help clarify this
situation as it adds evidence to the finding that sub-
sidies have positive effects. This study has several lim-
itations. First, our assessment focuses on the sedan
market only and assumes that sales of other vehicle
types are unaffected. While this decision was due to
limitations in data availability, it would be possible
to adapt the general model structure to non-sedans
and thus to the full new vehicle market. Second, the
model results are based on the assumptions that the
three vehicle types presented in the choice exper-
iment were equivalent unless otherwise mentioned
and that their characteristics remain fixed throughout
the 6 year analysis period. This is a simplification, as
the current BEV fleet differs from other vehicle types
in terms of technical capabilities, including important
aspects such as range, but considerable advances in
BEV technology and the diversity of BEV models on
the market are expected in the coming years. Third,
the assumption that the total vehicle market would
remain constant is also a simplification. Relaxing this
assumption would have introduced additional uncer-
tainty regarding substitution effects between sedans
and non-sedans, and data on non-sedan fuel type
choice behavior were not available. These limita-
tions should be addressed in future research with
appropriate data and projections on market devel-
opments. Fourth, the assessment only focuses on a
static and short-run impact assessment. Future eval-
uations may expand the scope by considering other
types of BEVs and also incorporating long-run effects,
such as improvements of vehicle energy efficiency and
evolutions in economic structure. The results in this
studymust be interpreted from the perspective of pre-
COVID-19 market conditions, and future research
could build on it to incorporate post-COVID-19 con-
ditions. Lastly, the availability of charging infrastruc-
ture, which is an important driver of BEV adop-
tion (Greene et al 2020), is not represented in the
modeling framework. However, the data that would
have been necessary to do so were not available to

us, so incorporating this additional variable is left to
future research.

Future work could also expand the focus to com-
paring environmental impacts in greater detail, fol-
lowing approaches such as those used by Xie et al
(2012), who integrated a travel demand model, and
Gao and Winfield (2012), who used life cycle assess-
ment with consideration of the energy efficiency of
various BEV types. In addition, a valuable avenue
for future research is the incorporation of additional
consumer behavior responses that could affect BEV
adoption, such as the rebound effect (Berkhout et al
2000) or other changes in travel patterns as the
vehicle fleet becomes more fuel-efficient. Similarly,
a CGE framework such as the one introduced in
this study could be expanded to capture the effects
of manufacturer-related policies like the Corporate
Average Fuel Economy (CAFE) standards or zero-
emissions vehicle mandates (Sykes and Axsen 2017).
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