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1. Geographical Details 

The U.S. electric power grid is interconnected, but to account for regional variation in power plant 

characteristics and fuel use, we assume the eight North American Electric Reliability Corporation (NERC) 

regions : FRCC, MRO, NPCC, RFC, SERC, SPP, TRE, and WECC [1] (Error! Reference source not 

found.). Marginal Emissions Factors are estimated at the NERC region level.  
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Figure S 1. Map of NERC regions in the U.S. The map was adapted by  from EPA’s website: 

https://19january2017snapshot.epa.gov/energy/north-american-reliability-corporation-nerc-region-representational-map_.html 

 

2. Inputs  

2.1 Regional Temperature  

Annual average county-level temperature from NOAA’s Integrated Surface Database for 2018 [2].  

 



 

 

2.2 Rural-Urban Continuum Codes 

The 2013 Rural-Urban Continuum Codes form a classification scheme that distinguishes metropolitan 

counties by the population size of their metro area, and nonmetropolitan counties by degree of 

urbanization and adjacency to a metro area[3]. 

Each county in the U.S. is assigned one of the nine codes listed below. Codes 6-9 are considered to be 

rural and assigned highway driving, while 1-3 are considered to be urban and assigned city driving, and 

4-5 are assigned combined drive. 

 

RUCC 1: Counties in metro areas of 1 million population or more 

RUCC 2: Counties in metro areas of 250,000 to 1 million population 

RUCC 3: Counties in metro areas of fewer than 250,000 population 

RUCC 4: Population of 20,000 or more, adjacent to a metro area 

RUCC 5: Population of 20,000 or more, not adjacent to a metro area 

Figure S 2 County Level Average Temperature derived from NOAA Weather Stations in 2018. The map was created by authors 

using Plotly for Python v5.9.0 https://plotly.com/python/. 



RUCC 6: Population of 2,500 to 19,999, adjacent to a metro area 

RUCC 7: Population of 2,500 to 19,999, not adjacent to a metro area 

RUCC 8: Less than 2,500 population, adjacent to a metro area 

RUCC 9: Less than 2,500 urban population, not adjacent to a metro area 

 

Figure S 3 RUCA Codes, USDA. The map adapted by the authors from the University of Montana’s Research and Training 

Center on Disability in Rural Communities. https://www.umt.edu/rural-disability-research/focus-areas/rural_disability/defining-

rural.php 

2.3 Derived 5-cycle energy consumption 

To test for a more realistic performance of vehicles, approximations were used to calculate “real-world 

fuel economy” which is currently calculated through 5-cycle tests, which include drive cycles to reflect 

aggressive driving (US06) and driving with extreme temperatures (SC03) along with urban and highway 

driving to calculate the actual performance of vehicles on the road. Due to paucity of data for all test 

cycles at desired temperatures, we use regression equations with updated coefficients from 2017 for 

HEVs (gasoline hybrids) [4], [5] and a multiplicative factor of 0.7 for EVs [6] to find derived 5-cycle 

energy consumption data from 2-cycle dynamometer data for each temperature as given below. AAA 

provides both raw and corrected (with multiplicative factor) fuel consumption per mile values for EVs in 



the report. We also report 2-cycle fuel economy values from AAA and ANL dynamometer tests (Table 

S1) and derived temperature dependent 5-cycle fuel economy values in Table S2.  

𝐹𝑖𝑣𝑒 − 𝑐𝑦𝑐𝑙𝑒 𝑐𝑖𝑡𝑦 𝑓𝑢𝑒𝑙 𝑒𝑐𝑜𝑛𝑜𝑚𝑦𝐻𝐸𝑉 =
1

0.004091 +
1.1601

𝑈𝐷𝐷𝑆 𝑓𝑢𝑒𝑙 𝑒𝑐𝑜𝑛𝑜𝑚𝑦𝐻𝐸𝑉

 

 

𝐹𝑖𝑣𝑒 − 𝑐𝑦𝑐𝑙𝑒 ℎ𝑖𝑔ℎ𝑤𝑎𝑦 𝑓𝑢𝑒𝑙 𝑒𝑐𝑜𝑛𝑜𝑚𝑦𝐻𝐸𝑉 =
1

0.003191 +
1.2945

𝑈𝐷𝐷𝑆 𝑓𝑢𝑒𝑙 𝑒𝑐𝑜𝑛𝑜𝑚𝑦𝐻𝐸𝑉

 

𝐹𝑖𝑣𝑒 − 𝑐𝑦𝑐𝑙𝑒 𝑐𝑖𝑡𝑦 𝑓𝑢𝑒𝑙 𝑒𝑐𝑜𝑛𝑜𝑚𝑦𝐻𝐸𝑉 =
1

0.43
5 − 𝑐𝑦𝑐𝑙𝑒 𝑐𝑖𝑡𝑦 𝑀𝑃𝐺𝐻𝐸𝑉

+
0.57

5 − 𝑐𝑦𝑐𝑙𝑒 ℎ𝑖𝑔ℎ𝑤𝑎𝑦 𝑀𝑃𝐺𝐻𝐸𝑉

 

 

5 𝑐𝑦𝑐𝑙𝑒 𝑓𝑢𝑒𝑙 𝑒𝑐𝑜𝑛𝑜𝑚𝑦 (𝑐𝑖𝑡𝑦 𝑜𝑟 ℎ𝑖𝑔ℎ𝑤𝑎𝑦)𝐸𝑉 =  0.7 𝑋 2 − 𝑐𝑦𝑐𝑙𝑒 𝑓𝑢𝑒𝑙 𝑒𝑐𝑜𝑛𝑜𝑚𝑦𝐸𝑉   

 

 

 

Model Temperature UDDS  HWFET Combined 

2018 Leaf (kWh/ mile) 

-6 0.2632 0.2548 0.25942 

24 0.1701 0.2086 0.187425 

35 0.2023 0.224 0.212065 

2017 Tesla Model S 75 D 
(kwh/mile)  

-6 0.3815 0.2905 0.34055 

24 0.2135 0.2121 0.21287 

35 0.2674 0.2373 0.253855 

2018 Chevy Bolt 
(kWh/mile) 

-6 0.322 0.2695 0.298375 

24 0.1554 0.196 0.17367 

35 0.203 0.2156 0.20867 

2015 Honda Accord Hybrid 
(gallon/mile) 

-6 0.0239 0.0207 0.02246 

24 0.016 0.0159 0.015955 

35 0.0211 0.0173 0.01939 

2010 Toyota Prius 
(gallon/mile) 

-6 0.023 0.017 0.0203 

24 0.015 0.0152 0.01509 

35 0.0235 0.0199 0.02188 
 

Table S 1: 2-cycle fuel economy with temperature from ANL and AAA dynamometer data 

 

Model Temperature UDDS HS1 HWFET Combined 

2018 Leaf (kWh/mile) -6 0.376 0.364 0.371 



24 0.243 0.298 0.268 

35 0.289 0.320 0.303 

2017 Tesla Model S 75 D 
(kWh/mile) 

-6 0.545 0.415 0.487 

24 0.305 0.303 0.304 

35 0.382 0.339 0.363 

2018 Chevy Bolt 
(kWh/mile) 

-6 0.460 0.385 0.426 

24 0.222 0.280 0.248 

35 0.290 0.308 0.298 

2015 Honda Accord 
Hybrid (gallon/mile) 

-6 0.032 0.030 0.031 

24 0.023 0.024 0.023 

35 0.029 0.026 0.027 

2010 Toyota Prius 
(gallon/mile)  

-6 0.031 0.025 0.028 

24 0.021 0.023 0.022 

35 0.031 0.029 0.030 
Table S 2: Derived 5-cycle fuel economy from regression equations (HEV) and multiplicative factor (EVs 

 

 

3. Emissions Assumptions  

3.1 Emissions factors 

Vehicle and battery manufacturing emissions are taken from literature as noted in Table S3. These are 

attributional emissions associated with manufacturing a vehicle body and batteries in different 

locations using average emissions associated with processes and raw materials used in producing the 

output. Absent data on marginal consequential emissions, we use these estimates even though the 

scope of our LCA analysis is consequential. We have assumed that vehicle manufacturing emissions 

are constant across vehicle classes and fuel types, however other studies have concluded higher 

vehicle manufacturing emissions for EVs (7.3 – 9 tonnes) compared to internal combustion engine 

vehicles (6.9 -7.8 tonnes). Vehicle manufacturing emissions are one order of magnitude lower than 

the use-phase emissions and spread across lifetime wouldn’t impact the overall analysis [7]. 

Manufacturing emissions from producing the NMC111 ( LiNi1/3Mn1/3Co1/3O2) batteries in three 

different locations (US, China, and Europe) as well as changing battery chemistry to LFP (Lithium 

Iron Phosphate, LiFePO4) produced in US are used for analysis as noted in Table S3. 

 

Emission Factors Input Region Emissions Intensity Reference 

Gasoline Combustion - 8.89 kg CO2/gallon EPA [42] 

Gasoline Upstream - 1.75 kg CO2/gallon GREET 2019 [43] 

Vehicle Manufacturing - 37.5 gCO2/km Hall and Lutsey [44] 

United States 73 kg CO2/kWh  



Battery Manufacturing for 

NMC 111 

Europe  65 kg CO2/kWh Kelly et al. [8] (Using 

GREET 2019) 
China 100 kg CO2/kWh 

Battery Manufacturing for 

LFP 

United States 50 kg CO2/kWh GREET 2021 [9] 

NERC level Average 

Marginal Emissions Factor, 

2018 

FRCC 484 CO2/kWh Azevedo et al [10] 

TRE 576 CO2/kWh 

WECC 552 CO2/kWh 

SPP 666 CO2/kWh 

MRO 773 CO2/kWh 

SERC 625 CO2/kWh 

RFC 650 CO2/kWh 

NPCC 450 CO2/kWh 

Upstream Electricity 

FRCC 48 CO2/kWh Tong and Azevedo [25] and 

Pehl et al [45] 
MRO 19 CO2/kWh 

NPCC 29 CO2/kWh 

RFC 24 CO2/kWh 

SERC 27. CO2/kWh 

SPP 31 CO2/kWh 

TRE 37 CO2/kWh 

WECC 27 CO2/kWh 

e-GRID 2018 (NERC level 

Annual Average Emissions) 
WECC 350 CO2/kWh [11] 

FRCC 422 CO2/kWh 

MRO 536 CO2/kWh 

NPCC 210 CO2/kWh 

RFC 472 CO2/kWh 

SPP 650 CO2/kWh 

SERC 451 CO2/kWh 

TRE 423 CO2/kWh 

e-grid 2018 (US annual 

average emissions factor) 

US 476 CO2/kWh [11] 

e-GRID 2020 (US annual 

average emissions factor) 

US 406 CO2/kWh [11] 

US annual average MEF 2018  US 597 CO2/kWh [10] 

Table S 3 : Emissions assumptions used in this study 

 

3.2 Comparison between Marginal and Average Emissions factors 

The distinction between marginal and average emissions factors is crucial when evaluating the emissions 

reduction potential of a potential action, such as adopting an EV or adopting EV policy. Over the last 

decade, average emissions factors, calculated as the total emissions produced in electricity sector over the 

total energy produced, have decreased by 30% in the United States as renewable penetration increases 



(black triangles line in figure S3). The highest decrease in average carbon intensity is seen in regional grid 

in Florida (FRCC) by 31%, while Midwest (MRO) has shown slower decrease of 6%. This is in stark 

contrast with regional and national Marginal Emissions Factors which have remained persistently high 

and increased in evening and night hours, which is when most people charge their vehicles (Figure S3). 

This increase in Marginal Emissions Factors is attributed to various reasons. Though renewables reduce 

average power sector emissions intensity, they rarely appear on the margin at today’s penetration levels 

(they are almost fully utilized regardless of small changes in electricity demand), and the presence of 

renewables shifts the dispatch curve, changing what mix of coal and natural gas appear on the margin at 

the times the electric vehicles charge. While coal use has been declining overall in the electricity 

consumption, coal units are becoming more responsive to marginal demand. Additionally, as these units 

increasingly operate at the margin, their utilization rates remain low and are typically inefficient in 

operations yielding higher marginal emissions [12].  

 

 

Figure S 4: US Average and Marginal Emissions Factors for specific hours in different years. From Azevedo et al [10] and 

Holland et al [12] 

 



 

4. Results  

In this section, we present various intermediate results and sensitivities on inputs presented in the main 

text.  



 

Figure S 5 : Life cycle emissions of Electric vehicles along with sensitivity of battery production location and lifetime. The map 

was created by authors using Plotly for Python v5.9.0 https://plotly.com/python/. 

 

 



 
Figure S 6 : Difference between life-cycle CO2 emissions per km for battery electric vehicles and gasoline hybrid vehicles using 

Annual Average Emissions Factors for NERC regions in 2018 [11]. Negative values (in blue) denote instances where battery 

electric vehicles are lower emitting than gasoline hybrid vehicles. Positive numbers (in red) refer to values battery electric 

vehicles are higher emitting than gasoline hybrids. Vehicles are assumed to be driven for 120,000 miles over their lifetime and 

use convenience charging. Temperature dependent fuel efficiency values are 2-cycle. The map was created by authors using 

Plotly for Python v5.9.0 https://plotly.com/python/. 

 

 

 

Figure S 7 : Difference between life-cycle CO2 emissions per km for battery electric vehicles and gasoline hybrid vehicles using 

Hourly Marginal Emissions Factors for NERC regions in 2018 [10]. Negative values (in blue) denote instances where battery 

electric vehicles are lower emitting than gasoline hybrid vehicles. Positive numbers (in red) refer to values battery electric 

vehicles are higher emitting than gasoline hybrids. Vehicles are assumed to be driven for 120,000 miles over their lifetime and 



use convenience charging. Temperature dependent fuel efficiency values are derived 5-cycle. The map was created by authors 

using Plotly for Python v5.9.0 https://plotly.com/python/. 

 

 

 

Figure S 8 Difference between life-cycle CO2 emissions per km for battery electric vehicles and gasoline hybrid vehicles using 

Annual Average Emissions Factors for NERC regions in 2018. Negative values (in blue) denote instances where battery electric 

vehicles are lower emitting than gasoline hybrid vehicles. Positive numbers (in red) refer to values battery electric vehicles are 

higher emitting than gasoline hybrids. Vehicles are assumed to be driven for 120,000 miles over their lifetime and use 

convenience charging. Temperature dependent fuel efficiency values are derived 5-cycle. The map was created by authors using 

Plotly for Python v5.9.0 https://plotly.com/python/. 

 

 



 

Figure S 9: Difference between life-cycle CO2 emissions per km for battery electric vehicles and gasoline hybrid vehicles with 

charging during hours with lowest Marginal Emissions Factors. Vehicles are assumed to be driven for 120,000 miles over their 

lifetime and Marginal Emissions Factors for NERC regions in 2018 (Azevedo et al [42]). The map was created by authors using 

Plotly for Python v5.9.0 https://plotly.com/python/. 

 

 

In most regions, any types of electric vehicles will reduce emissions when compared to the Mazda CX 9 

gasoline SUV. An exception is the Midwest, where there may not be emissions reductions. Tesla Model S 

is higher emitting than Mazda CX 9 by a maximum of 35 gCO2/km in parts of Midwest serviced by 

MRO.  

Replacing a gasoline SUV with battery electric vehicle (third column) is desirable when regional at-the-

margin grid intensity is between 597 and 1,552 gCO2/kWh depending on location. When comparing the 

critical emissions factors with the current marginal emissions factors we find that most regional grids, 

except in Midwest, have already reached a point where EV adoption leads to less emissions than the 

gasoline SUV. For long-range, heavier electric vehicle such as Tesla Model S, the grid emissions needs 

reductions by at most 164 gCO2/kWh to replace gasoline SUV in the Midwest. 

In Figure S9, we assume that the vehicle is charged at the time where the marginal emissions factors are 

the lowest – thus providing lower bound emissions estimates for the charging of the vehicles. In this 

sensitivity analysis, we assume that the vehicle is charged at the time where the marginal emissions 

factors are the lowest – thus providing lower bound emissions estimates for the charging of the vehicles. 

This hour with the lowest emissions factors may or may not align with the middle of the day depending on 

the geographical location, but, regardless, it will provide a lower bound on emissions. Under such 

assumptions, we find that BEVs have lower emissions compared to HEVs in most parts of the country, 

except the Midwest for Bolt and Leaf, and the Midwest and South for Tesla. Optimizing charging for the 



lowest possible emissions factors the electricity grid can be a useful strategy to reduce emissions, but the 

spatial distributions of comparative emissions remain the same. 

 

 

 

 

Figure S 10 Figure 1 Critical Emissions factors of EVs compared to hybrid gasoline vehicles and gasoline SUV (Mazda CX 30). 

The map was created by authors using Plotly for Python v5.9.0 https://plotly.com/python/. 

  

 



 

Figure S 11 Critical Emissions Factors along with sensitivity on 5-cycle fuel economy and lifetime. The map was created by 

authors using Plotly for Python v5.9.0 https://plotly.com/python/. 
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