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Abstract

This study presents a data-driven lifecycle assessment (LCA) framework for evaluating greenhouse
gas (GHG) emissions from passenger vehicles across European electricity systems. The analysis
compares battery electric vehicles (BEVs), full hybrid electric vehicles (FHEVs), and internal combus-
tion engine vehicles (ICEVs) using both conventional average electricity emissions factors and time-
resolved marginal emissions, referred to as real charging emissions (RCE). Hourly generation and
interconnector/cross-border flow data for 2023 from 29 European countries are processed to
estimate consumption-based marginal emissions rates that account for grid dispatch behavior and
cross-border electricity flows. The approach is applied to two vehicles where multiple powertrains
are available on the same platform, the 2024 Hyundai Kona (available as a BEV, FHEV, and ICEV)
and Peugeot 2008 (available as a BEV and ICEV), to isolate drivetrain-related lifecycle differences.
Results show substantial divergence between average and marginal emissions estimates, with a
mean absolute difference in BEV-FHEV lifecycle emissions of 31-36 g CO, eg/km across Europe.
In several countries with carbon-intensive marginal generation, including Poland and Cyprus, BEVs
may exhibit higher lifecycle emissions than comparable hybrids, while low-carbon grids such as
Norway, Sweden, and France provide large BEV advantages. Sensitivity analyses demonstrate the
importance of transmission losses, temperature effects, electricity imports, and charging timing.
These findings highlight the limitations of average grid emissions factors in vehicle LCAs and under-
score the importance of geographically and temporally resolved data-driven electricity emissions
when assessing electrified vehicle climate impacts.
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s the global powertrain fleet becomes more diversi-

fied, methods for comparing the environmental

impact of different types of vehicles become ever
more important. When it comes to climate change, the
importance of reducing greenhouse gas (GHG) emissions
from the vehicle fleet is vital. Today, almost all regulations
specify the measurement of emissions at the vehicle
tailpipe [1]. This made sense, historically, when the vast
majority of emissions came from the tailpipe. However,
today, many vehicles, such as Battery Electric Vehicles
(BEV), do not have a tailpipe, yet still have emissions asso-
ciated with them. Indeed, for some vehicles with tailpipes,
such as Full Hybrid Electric Vehicles (FHEV) and Internal
Combustion Engine Vehicles (ICEV), non-exhaust emis-
sions are higher than their exhaust emissions [2].

In order to fairly compare vehicle’s environmental
impact, life cycle analysis (LCA) has become the dominant
method. Although LCA is not considered in legislation
today, it is likely that it will be in the future. For example,
the European Commission [the executive arm of the
European Union (EU)], in 2021, stated that it was uncertain
that a standard approach could be developed for a regula-
tory environment [3]; however, it issued a call for evidence
in 2024, indicating that it was considering modifying its
legislation to include LCA [4] and committing to publishing
a methodology for calculating it by the end of 2025 [5].
Similarly, the United Nations Economic Commission for
Europe (UNECE) is working on a methodology for LCA,
which would be a foundation upon which legislation could
be built [6].

A typical LCA considers the emissions produced by
the following stages of the vehicle’s life: fuel production
and distribution (sometimes referred to as well-to-tank),
raw materials sourcing, material processing, vehicle
production, vehicle use (tank-to-wheel), and disposal/
recycling. This is not the only approach, and recently alter-
natives have been proposed to radically simplify the
assessment of the environmental impact of vehicles [7];
however, LCA is regarded as the most accurate method,
although subject to some uncertainty.

The uncertainty in LCA often occurs due to challenges
associated with evaluating the emissions associated with
the raw materials sourcing, car production, and recycling
and disposal phases of a vehicle’s life [8]. Many of the
emissions from both production and use of a vehicle are
associated with electricity production. Therefore, the elec-
tricity emission rate is possibly the term that requires the
highest accuracy in the calculation of total GHG emissions
for an LCA [9].

Most LCAs adopt the so-called average emissions
rate. This rate takes the emissions rates for each indi-
vidual source on a grid and averages them weighted by
their relative production on that grid over some time
period (usually a year). This method is attractive because
of its simplicity and ease of calculation. This approach is

usually used in LCAs when accounting for the emissions
associated with BEVs [10, 11]. This approach assumes that
a grid is of fixed composition and that all loads on the
grid receive the average emissions; however, this is not
how grids actually work. In reality, sources are turned on
and off to match supply and demand. The order in which
different sources are turned on and off depends primarily
on their cost (known as economic dispatch), but also on
their ramp-rate (the speed at which they can come on-
and offline, known as dispatch) [12]. Economic dispatch,
for many sources such as gas (whether CCGT or a gas
peaker plant), is often determined by a combination of
spark spread (similar terms such as dark spread, quark
spread, and bark spread exist for sources other than gas)
and power plant efficiency [13]. An alternative approach
to calculating emissions rates is to consider the specific
emissions of the power source added to the grid in order
to meet a new demand. This approach is often known as
the marginal emissions rate, or more recently real
charging emissions (RCE).

The marginal emissions rate can either be calculated
in the abstract (for example, answering the question
‘what if a BEV were charged by solar power or coal
power?”) by using the emissions rate for a specific power
source [14]. Use of marginal emissions can result in
markedly different results compared to average emis-
sions. For example, Garcia et al. found that using a
marginal calculation method resulted in a BEV having
more than double the LCA emissions compared to an
average method [15]. Alternatively, today, high temporal
resolution data about what sources are actually online on
a particular grid at any given time are now available, such
that this data can be used to obtain geographically and
temporally resolved marginal emission rates that capture
the real-world carbon emissions associated with present-
day use of any particular grid. This approach was
pioneered by many of this study’s authors in a previous
work [16]. That study, which compared FHEV and BEV
versions of the 2020 Hyundai lonig and Kia Niro in all 48
continental US states, found that the FHEV is more likely
to achieve a GHG emissions benefit in comparison to a
BEV when using 2020 marginal emission rates, but there
are substantial regional and vehicle model dependencies.

RCE rates are the rate of change of emissions mass
flow with respect to demand. While there isn’t a direct
correlation between demand and carbon intensity of the
generation source, itis frequently the case that the average
emissions rate is either substantially higher or lower than
the marginal emissions rate depending on the source that
meets the marginal demand (e.g., gas or hydro). In almost
all cases, the average and marginal emissions rates are
not the same. This difference can clearly be seen in Figure
1. This gives an example of how the marginal emissions
rate differs from the average emissions rate when consid-
ering three different electricity sources.

The three endpoints correspond to total demand at
the same hour on different days. The total emission mass
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flow rate, also indicated by the endpoints, is the sum of
the emissions mass flow rates produced by each of the
three sources, which add up to the total demand. The
gradient of the line connecting the endpoints (labeled as
“marginal mix”) is equal to the marginal emissions rate,
whereas the average emissions rate is the gradient of
the pink dash—dot line (labeled as “average mix”) between
the origin and the average endpoint. In this example, the
marginal emissions rate is greater than the average emis-
sions rate, because most of the increase in demand is
being met by Source 3, which has a higher emissions rate
(steeper gradient) than the other two sources. It is impor-
tant to note that in reality, the end points may not fall
onto a straight line, and instead a line of best fit would
be used for the marginal mix; this example is used to
make the comparison with the average mix clearer.
There are clearly a large number of factors that deter-
mine the LCA emissions of a particular vehicle, whether
a BEV, FHEV, or ICEV. The uncertainty in evaluating the
emissions associated with the raw materials sourcing,
vehicle production, and recycling/disposal phases can
be eliminated by adopting an “apples-for-apples” compar-
ison of cars of the same model that come with different
choices of powertrain. The key assumption in this
approach is that the only difference between the produc-
tion and recycling/disposal emissions of each variant of
the model is due to the emissions of the different-sized
battery installed (i.e., all other emissions associated with
raw materials sourcing, materials processing, production,
and disposal are assumed to be equal for each model,
be that a BEV, FHEV, or ICEV version). A similar method
was used in Raugei et al. [8], in which the production
process of a BEV was treated as a retrofit of a battery
into an ICEV version of the same car. This method allows
a relative comparison of each type of drivetrain and
greatly reduces the uncertainty in the LCA. While this
does not produce a definitive value for the lifetime

Drew et al. / SAE Int. J. Elect. Veh. / Volume 15, Issue 3, 2026

emissions of a particular car model, it provides an accurate
estimate of emissions between powertrain types. This
was also the approach used in Burton et al. [16].

The aim of this LCA is to perform a data-driven
comparison of lifecycle emissions rates from three
different powertrain types for BEVs, FHEVs, and ICEVs,
by applying the method from Burton et al. [16] (which only
considered the USA), to countries in Europe. The European
grid network is substantially different from the USA's,
with substantially more wind generation (17% vs 10%) and
less coal generation, as well as greater interconnectivity.
Two different vehicles, available in all three powertrain
configurations on the same platform, will be tested: the
2024 Hyundai Kona Advance and the 2024 Peugeot 2008.

Countries Considered

The countries considered in this work are the countries
of the EU, Norway, Switzerland, and the UK. Due to a lack
of data, Malta was excluded, and so its interconnector
with Italy may slightly affect the results in this work for
Italy. However, Malta is sufficiently small that this is not
expected to have a material impact. Please note that
references to Ireland combine Northern Ireland and the
Republic of Ireland. They are treated as having the same
emissions rates, owing to the fact that there is one
combined grid [the Single Electricity Market (SEM)] that
provides electricity on the island of Ireland. Due to
Northern Ireland’s inclusion in the data for Ireland, the
rest of the UK is considered Great Britain.

Data Processing

Data for this work was taken for the
calendar year 2023. The majority of the electricity genera-
tion data is downloaded from the ENTSO-E transparency
platform’s [17] API, with two exceptions: the data for Great
Britain (which comes from BM Reports (BMRS) [18]) and
Cyprus (which comes from TSOC [19]). All of the data for
interconnector and cross-border flows comes from the
ENTSO-E transparency platform’s API. For some countries
(particularly Ireland), data for some hours in 2023 on the
ENTSO-E website are missing. The EU ETS Registry also
provides plant-specific emissions data (emissions
produced over a whole year), which can be used in
conjunction with the generation data provided by
ENTSO-E to determine a more accurate estimate of the
emissions factors for these particular power plants [20].
Depending on the type of emissions rate being calculated,
different methods have been used to clean the data.

The data was initially cleaned by checking for erro-
neous spikes or drops. This was carried out for each type
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of generation, each import, and each export, for every
country. Any data point that was (a) a 30% change from
the previous hour, (b) more than 1 standard deviation
above the mean value, and (c) more than 2% of total
generation for that hour was inspected. If the value
appeared to be incorrect in the context of several values
before and after it in the dataset, it was replaced by the
mean of the two adjacent values.

One of the
names for generation sources on ENTSO-E is “Other,”
which in most cases is a small fraction of overall genera-
tion. The typical approach to deal with this is to assume
the worst case from an emissions perspective, and assign
this generation an emissions factor of 700 kg CO, eq/MWh,
as if it were a mixture of coal, gas, and oil. However, in the
case of the Netherlands, “Other” accounts for roughly 30%
of total generation. By plotting this generation source
against time, it is clear that a large portion of it is coming
from solar generation, despite the fact that the Netherlands
submits solar generation data separately as well. To deter-
mine a rough estimate for the amount of generation from
solar, the data was processed as follows: For every day of
the year, determine the first and last hours when solar
energy is being generated from the solar generation data.
Then, find the values for generation of “Other” at these
times, on that day. Any generation from “Other,” which is
above the average of the two values (corresponding to the
first and last hours of solar generation) is then assumed
to be produced by solar. This method identified 23% of the
generation by “Other” to be from solar generation.

Calculating Average Emissions

Average emissions are calculated by taking a weighted
sum of the different sources of energy multiplied by their
respective emissions rates, and then dividing by the sum
of the total energy being supplied. Additionally, it is neces-
sary to perform electricity flow tracing in the cases where
countries transmit electricity to one another via intercon-
nectors or cross-border connections. This method is
equivalent to that used in a 2074 report by the IPCC [21].
The first step in calculating average emissions rates is to
determine all of the emissions produced by local genera-
tion in each country, by use of a simple weighted sum as

shown in Equation T:

ZGu,c,h,dFu,c

AERlocat,c,h,d =X (1)

ZGu,c,h,d

uel.

where AEMocacnq iS the local average emissions rate of
country ¢, at hour h, on day d; U, is the set of electricity
generation sources in country ¢; Gy cpq is the electricity
generated by source u, with units of MWh; and F, . is the

emissions factor of source u, in country ¢, with units of g
CO, eg/kWh.

Any instances of missing generation data were esti-
mated because there were very few hours in 2023 when
every country reported generation data for every single
source of generation. Linear interpolation was performed
if a missing value was in between two recorded values.
For cases with two or more consecutive missing values,
the values were set to the average value for the corre-
sponding hour of the day.

Once the local average emissions rates have been
calculated (for each hour, and for each country), the
average emissions rate of the electricity, which is actually
being consumed in a given country, can then be calculated
using flow tracing. This involves determining the origin of
all of the electricity that is used in a given country, by
accounting for interconnector or cross-border flows at
the time of use. This is done using the method proposed
by Bialek [22]. Note that at this stage the electricity
network is assumed to be lossless, and that there is
perfect mixing of all electricity flows that enter a country.
The losses due to transmission and distribution are
accounted for later on in the LCA.

The average emissions rates of the countries consid-
ered in this study for 2023 are shown in Table 1.

Calculating Marginal Emissions

Marginal emissions rates are calculated using the statis-
tical method from Burton et al. [16] to determine which
sources of electricity are likely to respond to increases in
demand. This can then be used to evaluate the expected
emissions rate of an additional unit of electricity being
added to the grid demand. Grid inertia requirements
(spinning reserves) are not considered; this analysis only
considers how any particular grid balances total power
demand against generation.

The total demand in a particular country can

be written as
Depg = ZGu,c,h,d + Zlq,c,h,d )

uel, geCec

where D, p, 4 iS total demand in country ¢ at hour h, on day
d; Gycnq IS generation from source u; lg ¢ p.q is the import
into country ¢, from country g (which is always non-nega-
tive); U, is the set of all generation sources in country ¢;
C. is the set of all countries which have interconnectors
or cross-border connections with country ¢. The genera-
tion sources and imports that respond to increases in
demand for electricity are determined by regressing each,
individually, with total demand, to generate a linear model:

G G
Gueng = Qen + BienDeng
or (3)

| /
IQ,C,h,d - aq,c,h + ﬂq,c,hDC,h,d
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TABLE 1 2023 average emissions rates for countries
considered in this work.

Country Average emissions rate (g CO, eq/kWh)
Austria 174
Belgium 175
Bulgaria 397
Croatia 289
Republic of Cyprus 765
Czechia 465
Denmark 143
Estonia 261
Finland 78
France 51
Germany 391
Great Britain 220
Greece 385
Hungary 256
Ireland 415
Italy 342
Latvia 189
Lithuania 181
Luxembourg 289
Netherlands 284
Norway 33
Poland 791
Portugal 151
Romania 297
Slovenia 243
Slovakia 242
Spain 155
Sweden 25
Switzerland 82

Initially, a source or import will be deemed to
be margmal if its linear regression produces a gradient,
ﬁuch or ﬁqch, which is positive and greater than 0.01, with
a p-value less than 5%—with the exception of nuclear,
which cannot respond to changes in demand and is
always taken to be non-marginal [16]. Once this is done,
the marginal sources are combined to create an initial
estimate for marginal demand, and then re-regress each
marginal source/import with this provisional marginal
demand. If any source/import that was originally deter-
mined to be marginal now has a gradient less than 0.01,
or a p-value more than 5%, it is no longer considered
marginal. Once all of the marginal sources have been
re-regressed with the initial estimate for marginal
demand, a new estimate for marginal demand is calcu-
lated from the remaining marginal sources. This re-regres-
sion is repeated iteratively until no more non-marginal
sources/imports are discovered. In most cases,

Zﬁf,c,h +Z’BJ"C’h =1, but if this is not the case, each p

will be normalized by this sum.
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Once the marginal sources and imports have been deter-
mined for each hour of the day for each country, it is possible
to determine the local marginal emissions rate by evaluating
how local emissions vary with a change in marginal demand.
Marginal demand is calculated as follows:

Xend = ZGuchd+ ch,h,d @)

ueU CM

where X, 4 is the marginal demand of country ¢, at hour
h, on day d; UY is the set of all marginal generation
sources in country ¢, at hour h; and CY, ch 1S the set of coun-
tries that provide marginal imports to country ¢ at hour
h. Equation 5 can then be used to evaluate the corre-
sponding local emission mass flow rate:

Yc?h,d = ZGu,c,h,dFu,c (5)

M
UEUQh

where Y5, 4 is the emissions mass flow rate resulting from
the electnoty generated by the marginal sources. A linear
regression is performed between chhyd and X, p 4 to deter-
mine the local emissions produced in response to
increased marginal demand:

Ycéh,d = acy,h + ﬂcy,hXc,h,d (6)

The local marginal emissions rate, MER,c5cn Can
be determined by dividing ﬁch by the sum of the gradients

of the marginal sources, Zﬁuch_thls is the fraction of

marginal demand being met by local sources. /\/IER,(,&.,,,ch
is not used in any further calculations, however ﬂch is.

It is important to note that when performing the
regressions described by Equations 3 and 6, it was
assumed that the gradient (the g term) was the same
across the whole year (roughly the same response to
demand/marginal demand), while the intercept (the a
term) was allowed to vary from month-to-month to
capture the seasonal variability in base level of the depen-
dent variables, as per the method in Burton et al. [16],
and in line with Zivin et al. [23].

To determine a consumption marginal emissions rate,
then, it is necessary to consider how the total emission
mass flow rate increases with a small increase in marginal
demand (i.e., how do the emission mass flow rates change
domestically, as well as in other countries). The total emis-
sions mass flow rate, Y, is given in Equation 7, which is
due to all of the marginal sources and imports for country
¢, at hour h.

G4 Yo
, 7
2 ™
c,h

where Y/, is the emissions mass flow rate in a country g
from which country c¢ is importing electricity.
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Then, the expected change in total emissions mass
flow rate, AY.; corresponding to a change in marginal
demand, Ax, is evaluated as follows:

Xc,h,d‘X:D

Xeh=Xx+Ax } - E |:Yc,h

AY,, = [E[Ym

_ G |
=E|| Yo, + E Yan -
oM
9%~ch Xeh=x+AX 8)
G |
El| Yo, + E Yon
M
L 9-ch Xeh=x

Because E[ ] is a linear operator, Equation 8 can
be separated into two parts:

e[Sl €Y
Xeh=Xx+Ax Xep=X (9)
= [azh +ﬁgh(X+Ax)}—[aZh +ﬂzhx] = B.Ax

E ZYC;h -E ZYJ'”

Qécyh Xeh=xX+Ax QECQ{% Xeh=x (1 O)
— ! _
- Z 'BQ'C’h (E |:Yq'h ‘Xq‘n =X+Ax } E |:Yq'h ‘Xq‘n =X jD
quM

Hence, combining Equations 9 and 10, Equation 8 can
be rewritten as

AY,, = ﬁthAX + Zﬂé,c,hAYq,h

M
quc‘h

or  MER., =B+ Zﬁ;ah/\/lERth

qu?{‘h

(1)

where MER. p(=AY, p/Ax) is the consumption marginal
emissions rate for country ¢ at hour h. Similar to the case
for calculating average emissions, this forms a system of
coupled equations which can be solved via a matrix method:

1 ifi = j,
B,[MER] = A", where [Bh]y_ ={-pl, ifjecCl,
0 otherwise
(12)

where [MER], and ", are vectors, each with one element
corresponding to each country and By, is a square matrix.
The consumption marginal emissions rates for each
country can hence be determined by pre-multiplying each
side of the equation by B;. Unlike the average emissions
case, where this matrix method had to be applied to each
hour of the year individually, this method is only applied
24 times—once for each hour of the day. The whole
process for calculating consumption marginal emissions
rates is displayed as a flowchart in Figure 2. From now
on, any reference to marginal emissions rate will be refer-
ring to this consumption marginal emissions rate.

Similar to the average rate calculation, if generation
data was missing from any source, or any interconnector/
cross-border data was not recorded, the values for that
hour were not considered in the regression. With the
exception of Belgium and Ireland, the regressions for each
country, for every hour of the day, had more than 360
data points. In Belgium, the minimum number of data
points was 330, which is still a reasonable size. In Ireland,
however, the number of valid data points for each regres-
sion ranged from 17 to 22 (due to frequently unreported
generation data, for multiple sources). This lack of data
does not impact any other countries, because for Great
Britain—the only country Ireland had any interconnectors
(or cross-border connectivity) with—imports from Ireland
are non-marginal. Examples of the complete calculation
can be found in Bialek [22].

While this work aims to
apply Burton et al’s work in the USA [16] for countries in
Europe, exact application of that method is not possible
due to differences in data reporting. As noted, emissions
mass flow rates in this LCA are calculated using Equation
5, which involves summing the products of the generation
from each source and its respective emissions factor. In
the USA, however, the Environmental Protection Agency
(EPA) provides generation and emissions data for indi-
vidual plants [24], which can be reconciled with data from
the Energy Information Administration (EIA) [25], to calcu-
late real-time emissions mass flow rates on an hourly
basis. Burton et al. used this data to achieve a much more
accurate estimate of how emissions vary with demand.
While some of the emissions factors used in this LCA are
different for specific countries, these do not account, in
real time, for additional emissions resulting from: plants
operating at partial loads; inefficiencies associated with
start-up/shutdown; nor energy which is used to power
the plants themselves. Furthermore, the emissions from
small capacity “peaker” plants, which both have a strong
response to demand and tend to have high emissions
rates, are incorporated into Burton et al.'s emissions esti-
mates, whereas the emissions factors used in this LCA
which are country-specific are based on data from large
power plants (the plants which submit data to ENTSO-E
have an installed capacity of at least 100 MW, whereas
plants in the USA with capacity exceeding 25 MW have
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Gu,c,h,d Iq,c,h,d

Calculate total demand (Equation 6)

Dc,h,d

Perform regressions and determine
marginal sources and imports
(Equation 7)

Determine Determine

marginal emissions mass

demand flow rate
(Equation 8) (Equation 9)

Regress emissions mass flow rate with
marginal demand (Equation 10)

Determine consumption MERs

(Equation 15)

MER,,

u — denotes generation source
¢ — denotes country

h — denotes hour of the day

d — denotes day of the year

g — denotes which country an
import is from

Gy,cn,a — denotes generation (in
MW)

Iq.cna — denotes an import (in MW)
D;na — denotes demand (in MW)

cY, — denotes the set of countries
from which country ¢
marginally imports

ﬁf;,c,h — denotes the gradient of the

linear regression between
Dc,h,d and Iq,c,h,d

Uéf’h — denotes the set of marginal
generation sources in country ¢

Bé.n — denotes the gradient of the
linear regression between
D¢ pa @and Gy na

Y&.a — denotes the emissions mass
flow rate, due to generation by
marginal sources in country ¢
(in kg CO,/h)

X.na — denotes marginal demand (in
MW)
[3’3',,1 — denotes the gradient of the

linear regression between
Xena and Y, 4

MER_, — denotes the consumption
marginal emission rate
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to submit data to the EPA). If there were equivalent data
in Europe, more accurate estimates for emissions mass
flow rates and therefore marginal emissions rates could
be evaluated.

In addition, a second type of marginal emissions rate
is evaluated in Burton et al. [16], using an “Emitting Source”
classification to identify marginal sources. The difference
between this classification and that which is used in this
work is that nuclear, wind, solar, and hydro (excluding
pumped hydro) generation are assumed to be non-
marginal. While this is a reasonable assumption for the
USA, where these renewables typically account for a small
percentage of generation, in many European countries,
this is not the case, with renewables (particularly wind)
often being statistically significant marginal sources,
however. As an example, Finland’s only marginal source
or import, for every hour of the day, is wind, which would
mean that this “Emitting Source” classification adopted
previously would not work. It is therefore not adopted in
this study.

Calculating Vehicle Emissions
Rates

Two vehicles were considered,
which were available in multiple powertrain options, but
otherwise were the same car in order to ensure as fair
an LCA comparison as possible. These are the 2024
Hyundai Kona and the 2024 Peugeot 2008. The 2024
Hyundai Kona is available in BEV, FHEV, and ICEV versions.

Here, the lifecycle emissions of the BEV and FHEV
will be compared. The BEV comes with two battery pack
options of 48 and 65 kWh, with Worldwide Harmonised
Light Vehicles Test Procedure (WLTP) maximum ranges
of 377 and 515 km, respectively. The FHEV comes with a
1.56 kWh battery pack and a 1.6 L petrol engine. The WLTP
combined cycle fuel consumption of the FHEV is 4.7
L/100 km. The manufacturer’s recommended prices of
the 48 kWh and 65 kWh BEVs are £34,995 and £38,595,
respectively, and the FHEV is priced at £30,025 at the
time of writing. For the BEVs, the battery pack warranty
is 100,000 miles or 8 years (whichever comes first), and
hence the worst- and best-case battery lives will be taken
to be 168,000 and 256,000 km. The FHEV doesn’t have
a warranty specifically for the battery, so the battery lives
are assumed to be the same as that of the BEV. While
the 48 kWh version has a shorter range, its WLTP elec-
trical energy consumption is slightly lower (0145 kWh/
km, as opposed to 0.149 kWh/km) and the battery produc-
tion emissions are lower. Consequently, this model has a
lower emissions rate per km and will be used for the
best-case scenario for the BEV drivetrain option in this
vehicle comparison, while the 65 kWh version will be used
for the worst-case scenario. For this best- and worst-case
comparison, it is assumed that the battery packs for the
FHEV and BEV could be made in different countries.

The 2024 Peugeot 2008 comes with either a BEV or
ICEV drivetrain. There are several petrol ICEV versions
which will be compared to the BEV versions in order to
present a most and least BEV-favorable scenario, as was
done for the Hyundai Kona. The BEV options all come
with a 54 kWh battery pack, with a WLTP maximum range
of 307-332 km. The petrol ICEVs each have a 1.2 L engine,
and their WLTP combined fuel consumption ranges from
5.4-6.8 L/100 km. The WLTP electric energy consumption
of the BEVs is 0.174—0.184 kWh/km. The manufacturer’s
recommended retail prices for the BEV models range
from £36,500 to £41,750, while the ICEVs are priced
between £24,170 and £31170. The battery warranty of
the Peugeot is the same as that of the Hyundai, and hence
the minimum and maximum battery lives in this compar-
ison are the same as before.

This LCA is performed on a
relative basis, which assumes the emissions from raw
material sourcing, the production stage (besides battery
production), and the disposal/recycling stage are the same
for different drivetrain versions of the same car model.
This leads to a fair comparison and removes a large
portion of the uncertainty that would result if all stages
were accounted for. Having calculated the marginal emis-
sions rates for the countries of interest, it is possible to
determine the relative emissions rates of BEVs, compared
to FHEVs and ICEVs.

The following equation is used to evaluate the relative
life cycle emissions associated with a BEV [16]:

MER N BPCO,
1-TDL BL

ERye, = EC-TC- (13)

where ERggy is the emissions rate in g CO, eq/km; EC is
the electricity consumption rate in kWh/km; TC is a
temperature correction factor; MER is the marginal emis-
sions rate of electricity in g CO, eq/kWh; TDL is the trans-
mission and distribution losses as a fraction of total
energy transferred on the grid; BPCO, is the battery pack
production emissions measured in g CO, eq/kWh; and BL
is the battery life in km. The values of EC, BPCO,, and BL
will be the same in each country. Similarly, the emissions
rate for a FHEV can be calculated using Equation 14:

ERpey = FC-TC-(CER+UER) + (14)

BPCO,
BL
where FC is fuel consumption in L/km; CER is the combus-
tion emissions rate of petrol, which for this case study in
Europe is taken to be 2.24 kg CO, eq/L [26]; UER is the
upstream emissions resulting from the production,
refining, and transportation of petrol, which is taken to
be 0.68 kg CO, eq/L [26]. The equation for an ICEV is the
same as that of the FHEV, without the consideration of

a battery.
This LCA aims to provide a best- and worst-case
scenario for the relative emissions impact of a BEV.
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Consequently, there will be an upper and lower value
calculated for the temperature correction factor, the
battery pack production emissions, and the battery life.
The best-case scenario for the BEV will involve a compar-
ison of the lowest value for the BEV emissions rate with
the highest emissions rate for the FHEV/ICEV version of
the car, and vice versa for the worst-case scenario.

The standard procedure used in the EU
to determine fuel consumption of cars is the WLTP. This
consists of four different speed phases—Low, Medium,
High, and Extra high—which collectively simulate realistic
driving, with varied speeds, accelerations, and time spent
stationary. This test is operated at 23°C, and consequently
temperature correction factors are required to get a fuel
economy (FE) that is country-specific. In this LCA, the
overall FE across all four phases is used. The WLTP data
used is drawn from the UK'’s Vehicle Certification Agency
website [27].

The amount by which FE varies
with temperature is highly dependent on the drivetrain
being used. Roughly 30% of the energy used by ICEs is
released as heat [28], and as a result heating requirements
at low temperatures have less of an impact on the FE of
ICEV/FHEVs because this heat can be used for heating
directly. In the case of BEVs (or PHEVs operating in
charge-depleting mode), heating requirements have a
greater effect on electricity use. Additionally, the amount
of energy that can be recuperated by regenerative braking
tends to decrease with temperature [29], and this affects
BEVs, PHEVs, and FHEVSs, to varying degrees. In the case
of BEVs, regenerative braking can account for more than
35% of the total energy requirement of the traction
system [29]. Ranges for the extent to which fuel econo-
mies vary for ICEVs and FHEVs were determined using
data from the US EPA website [30]. The cars selected
from the EPA dataset were chosen because they had FE
data for both the “City” driving test cycle at the standard
temperature range of 68-86°F (20-30°C), as well for the
“Cold” test cycle, which is the same as the city driving
test, except that it is instead carried out at 20°F (-7°C)
[31]. Table 2 shows the FE for the two temperatures for
the selected vehicles, and also indicates that the smallest
and largest increases in fuel consumption (the inverse of
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the FE) for ICEVs were 11% and 26%, and for the case of
FHEVs it was 9% and 41%. These values will be used for
the minimum and maximum possible temperature correc-
tion factors for the FE of the corresponding drivetrain
technologies. Given that the average temperature in the
EPA city test cycle is roughly the same as that of the
WLTP, a linear relationship was assumed (between —6.7°C
(20°F) and 23°C) to determine the extent to which the
temperature correction factor is applied, based on a
representative ambient temperature in each country,
which is an average between 1991 and 2020 [32]. These
are calculated using a weighted sum of the minimum,
mean, and maximum daily temperatures in each country
with the following weightings: 0.5 to minimum tempera-
ture, 0.4 to mean temperature, 0.1 to maximum tempera-
ture. These were chosen because most driving takes place
at temperatures below the mean daily temperature (i.e,
rush hours are in the early morning and late afternoon).

The temperature correction approach for BEVs used
is not the same, because the limited number of BEVs in
the EPA dataset provides too large a range of values to
extract a meaningful upper bound for the increase in
electricity consumption at low temperatures. For some
cars, such as the Tesla Model Y, the EPA data suggests
more than a 400% increase in electricity consumption at
20°F, which would likely invalidate the use of a linear
interpolation. This significant reduction in FE at 20°F is
most likely due to the fact that regenerative braking in
Teslas reportedly stops working at low temperatures [29].
Instead, the range of 40%—75% is used, based on data
from a 2019 report by the American Automobile
Association (AAA) [33].

The TDLs are
largely taken from [34], with the exception of Romania
[35], Bulgaria [36], and Switzerland [36]. TDLs associated
with electricity that is imported from neighboring coun-
tries are not accounted for in this work, despite inevitable
losses that will occur in interconnectors.

The process of deter-
mining the emissions associated with the life cycle of the
lithium-ion batteries (LIBs) that go into FHEVs, PHEVs,
and BEVs carries a great deal of uncertainty. Estimates
of greenhouse gas emissions from different LIB LCAs vary

TABLE 2 Effect of temperature on ICEV and FHEV fuel consumption.

Car brand Drivetrain
VW GTI ICEV
Audi A4 Quattro ICEV
Kia K5 ICEV
Hyundai Venue ICEV
Hyundai Tucson FHEV
Honda Civic FHEV
Kia Sportage Hybrid FHEV
Toyota RAV4 Hybrid FHEV

© Convergent Science, Inc.; Alfred Drew; Martin Davy; Felix Leach

City FE (in mpg) Cold FE (in mpg) FC % increase
29.85 23.7 26
3285 26.5 24

297 26.75 n
379 3315 14
5015 3705 35
26.45 24.3 9
53.83 383 41
5615 40.85 37
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considerably depending on the assumptions made in the
LCA, most notably the location from which materials are
mined/extracted, the energy mix used in the production
process, the scale of production, and the chemistry of
the battery being produced [37]. This leads to a wide
variety of values cited in review papers in the literature:
56-494 kg CO, eq/kWh [38], 61-106 kg CO, eq/kWh [39],
and 42-125 kg CO, eg/kWh [40].

The most important factor to consider from an emis-
sions perspective is the location(s) in which the production
of the battery cells occurs. In 2020, 77% of global LIB
production capacity was in China; however, by 2025
Europe’s share is expected to rise to 25% [41]. In light of
this, this work assumes that the final production stage for
batteries occurs in Europe. It is possible to create a lower
and upper bound for the carbon emissions contribution
from production of LIBs in Europe using the marginal
emissions rates calculated. The countries in Europe with
the highest and lowest marginal emissions rates
(accounting for TDL) that are current/future homes of
gigafactories are Poland (a 35+ GWh/year factory owned
by LG Chem Ltd. is currently operational) and Norway
(Morrow, Freyr, and Beyonder) with marginal emissions
rates of 951 and 26 g CO, eq/kWh, respectively. Production
in these locations would therefore contribute emissions
of 57.06 kg CO, eq/kWh and 1.56 kg CO, eq/kWh, respec-
tively, to the LIB'’s total emissions. Adding this to the 59 kg
CO, eg/kWh for all of the other processes leads to upper
and lower bounds of 116.06 and 60.56 kg CO, eq/kWh for
LIBs whose production stage occurs in Europe. This is
very similar to the range provided by Emilsson et al. [39],
as well as the two cases considered in Chordia et al. [42].
If average emissions rates are used instead, the countries
with the highest and lowest average emissions rates
(accounting for TDL), which have LIB gigafactories, are
Sweden (Northvolt operates a 60 GWh/year cell produc-
tion factory) and Poland, with rates of 26 g CO, eq/kWh

m Marginal and average emissions rates comparison.

and 839 g CO, eq/kWh, respectively. This results in a range
of cell production emissions of 1.56-50.34 kg CO, eq/kWh.
Hence, the upper and lower bounds of the total produc-
tion of LIBs in the average emissions case would be 109.34
CO, eq/kWh and 60.56 CO, eqg/kWh.

The lower and upper bounds for the battery life are
taken to be 105% and 160% of the battery’s warranty, in
kilometers [16]. Hence, the best-case scenario for a BEV
will involve the lower value for battery pack emissions
being amortized over the upper value for battery life.

Comparison of Average and
Marginal Emissions Rates

Figure 3 graphically demonstrates the difference between
average and marginal emissions rates for the countries
considered. A positive value in Figure 3(b) indicates that
the marginal emissions rate is higher than the average
emissions rate. In 12 countries, the marginal emissions
rates were lower than their respective average emissions
rates. Excepting Ireland (which had data quality issues as
previously discussed), the largest drop from average to
marginal emissions rate occurred in Germany, where the
average rate is 391.2 g CO, eq/kWh, and the marginal
rate is only 72.2 g CO, eq/kWh. This drop largely results
from Germany’s frequent excess generation of renewable
energy—particularly wind. 18 countries had marginal
emissions rates higher than their respective average
emissions rates. The most extreme example of this was
Slovakia, where the average rate was 242.3 g CO, eq/
kWh, whereas the marginal rate was 821.5 g CO, eq/kWh.
This is due to Slovakia’s marginal demand being met
almost entirely by imports from Poland and the

800
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(a) Marginal emissions rates (units of g CO2 eq/kWh)
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Czech Republic, whose marginal emissions rates are the
2nd and 4th highest, respectively. A more detailed break-
down of each country’s dominant marginal sources/
imports and their hourly marginal emissions rates is
presented in Tables A1-A.6 in the Appendix.

Vehicle Comparison

The results of the LCA for the Hyundai Kona in the
average and marginal emissions cases are displayed in
Figures 4 and 5, respectively. In the marginal emissions
scenario, the contribution of battery pack production to
the lowest and highest BEV emissions rates is 11.4 and
45 g CO, eq/km. For the FHEV, the equivalent contribu-
tions are 0.37 and 1.08 g CO, eg/km.

150
100

50

=50

-100

-150

(b) Least BEV-favorable case ERpp v - ERBEV

Comparing the results from evaluating the lifecycle
emissions on a marginal emissions basis to an average
emissions basis, some countries, such as Austria, Norway,
and Sweden, display very little change in the emissions
rate reduction (ERgyey — ERgey). However, for most coun-
tries, the average emissions case gave quite a different
result to the marginal emissions case in terms of emis-
sions rate reduction, particularly in the least BEV-favorable
case. The mean absolute difference in ERpyey — ERgey
across all the countries between the average and marginal
emissions cases was 31 g CO, eqg/km for the most
BEV-favorable case and 36 g CO, eg/km for the least
BEV-favorable case. For 11 countries, the emissions rate
reduction increased (i.e., the apparent emissions benefit
of driving a BEV improved) when going from average
emissions analysis to marginal emissions analysis, in both

m Hyundai Kona—marginal emissions case (units of g CO, eg/km).
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the most and least BEV-favorable scenarios. Besides
Ireland, the greatest improvements were seen in Germany,
Luxembourg, and Romania. For 18 countries, the opposite
was true, with Slovakia, the Czech Republic, and Hungary
seeing the largest decreases in ERgyey — ERgey Using
average emissions rates to analyze lifecycle vehicle emis-
sions leads to very different results when compared to
using marginal emissions rates, and there is no clear
mapping between the two.

According to the marginal emissions analysis, in the
most BEV-favorable case, the lifecycle emissions resulting
from driving a FHEV over a BEV will be lower in only two
countries—Cyprus and Poland. But in the least
BEV-favorable case, the Czech Republic, Great Britain,
Greece, Hungary, Italy, the Netherlands, and Slovakia also
fall into that category (with Bulgaria coming close to doing
so as well). This LCA indicates that a marginal emissions
rate of 450 g CO, eq/kWh is a conservative cutoff below
which the BEV becomes the preferable option, even in
the least BEV-favorable case. In several countries such as
Norway, Sweden, and Denmark, the marginal emissions
rates are below 30 g CO, eq/kWh, which is the ideal
scenario. So, it is worth noting that if a country is just
below the cutoff of 450 g CO, eq/kWh, there is still an
opportunity to avoid a large portion of emissions.
Considering that the Hyundai Kona BEV’s WLTP energy
consumption is 0.145-0149 kWh/km, reducing marginal
emissions from 450 g CO, eq/kWh down to 30 g CO, eq/
kWh would avoid more than 60 g CO, eg/km, before
accounting for temperature correction or transmission
losses. Overall, it can be concluded that for Cyprus and
Poland there is no rationale in driving a BEV today purely
from an emissions perspective. In the remaining cases—
any of the countries which appear to be blue even in the
least BEV-favorable case—a BEV drivetrain is most likely
the preferable option for a passenger vehicle in terms of
lifecycle emissions. To provide some context to the

results, Figures 5 and 6 show the breakeven distance for
a BEV in each country. This indicates how many thousands
of kilometers the BEV must be driven for before the
additional production emissions, due to the larger battery
pack, are offset by the lower emissions rate for the in-use
phase, when compared to the FHEV. In some countries,
there is no breakeven distance, because the emissions
rate for the in-use phase of the BEV is higher than that
of the FHEV. The limit on the distance scale is capped at
250,000 km, as this is the assumed upper limit for the
battery life.

The LCA emissions comparisons for the average and
marginal emissions cases for the Peugeot 2008 are
presented in Figures 7 and 8. The battery pack’s contribu-
tions to the emissions rates of the BEVs are in the best-
and worst-case 12.8 and 37.3 g CO, eq/km, respectively.

Comparing Figures 5 and 8, the results are fairly
similar, except there is a greater range of results at the
positive end of the scale. In the most BEV-favorable case,
none of the countries analyzed suggest driving an ICEV
Peugeot 2008 would be preferable from an emissions
perspective over a BEV. In the least BEV-favorable case,
there are six countries which indicate greater lifecycle
emissions resulting from a BEV. Figure 9 gives the break-
even distances for the Peugeot 2008 BEV. The values are
close to but lower than those in Figure 6, for all countries
(with the exception of Hungary in the least BEV-favorable
case). While the optimal decision about whether or not
to buy a BEV in each country is quite similar to the Hyundai
Kona, these results would suggest that if the choice is
instead between an ICEV and an FHEV, the lifecycle emis-
sions of the FHEV will almost certainly be lower. In fact,
comparison of the FHEV version of the Hyundai Kona (in
its least favorable scenario) with the ICEV version of the
Hyundai Kona (in its most favorable scenario) indicates

lower emissions in every country—the results of this
comparison are displayed in the Appendix, in Figure 17.

m Hyundai Kona—marginal emissions case (units of '000s of km).
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Peugeot 2008—average emissions case (units of g CO, eq/km).
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Overall, while a BEV may not be the best option in every
country from a lifecycle emissions perspective, a FHEV
will almost always be better than an ICEV of the same
model (assuming they both use the same fuel type).

Sensitivity Analysis

The sensitivity of the results to four parameters is
explored. These are the effect of TDLs, the temperature
correction, imports and exports, and charging patterns.
Each parameter will be compared for the BEV and FHEV
versions of the Hyundai Kona, in the marginal
emissions case.

Figure 10 shows
the change in ERpyey — ERgey In the event that TDLs are

neglected. In all countries, the BEV appears to improve
on a relative basis, with the countries with higher marginal
emissions rates seeing the biggest changes—in Poland,
ignoring TDLs causes up to 12.6 g CO, eg/km (from the
BEV) to be unaccounted for. In this scenario, Great Britain,
Greece, ltaly, and the Netherlands would now favor the
BEV over the FHEV, even in the least BEV-favorable case.
So, while these changes aren't large, this failure to consider
energy loss on electricity grids does have the potential
to change the conclusions of the LCA.

The effect of temperature
correction for the BEV and FHEV models is displayed
separately to indicate the differential impacts for these
two types of powertrain. Comparing Figure 11(b) with
Figure 12(b), when the temperature correction factor is
high, the increase in the FHEV emissions rate due to a
temperature correction factor is on average higher, and
mostly varies according to the local temperature of the
country, whereas the BEV emissions rates are most
affected in the countries with high marginal emissions

rates. Countries such as Norway and Sweden, despite
having large reductions in vehicle range due to low
temperatures, see very little change in BEV emissions
rate, because their marginal emissions rates are so low.
To consider temperature correction factors’ effects on
the vehicle comparisons, the most BEV-favorable scenario
is compared in Figures 11(b) and 12(a), and hence removing
this correction would result in an apparent benefit for the
FHEV. In the least BEV-favorable case, on average, the
reverse is true. Generally, the removal of temperature
correction factors would result in a narrower range of
results. In terms of how this would affect the overall
conclusion, the result is the same as when TDLs are
ignored, with Great Britain, Greece, Italy, and the
Netherlands no longer favoring the FHEV in the least
BEV-favorable case. It can be observed that temperature
correction factors, in a BEV emissions LCA, are especially
important in countries/regions with high marginal emis-
sions rates. In the case of FHEV emissions LCAs, tempera-
ture correction factors are always important and should
not be neglected.

Local marginal emissions rates
indicate how emissions from domestic generation vary
with changes in marginal demand. Figure 13 shows the
change from Figure 5 that occurs when using the mean
local marginal emissions rates (i.e., neglecting the effect
of imports). For some hours, in some of the countries
analyzed in this LCA, there are no marginal sources. This
is because all of the marginal demand is met by imports.
In these instances, the hour without a local marginal emis-
sions rate is removed from the calculation of the mean
local marginal emissions rate. The effect on the battery
pack emissions is ignored, as the most important consid-
eration is the effect on in-use emissions. The countries
that appear in blue in Figure 13 indicate that using the
local marginal emissions rate results in an emissions rate

m Change in ERgyey — ERgey (units of g CO, eq/km)—relative to Figure 5.
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m Applying temperature correction—change in ERgyey (Units of g CO, eg/km).
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improvement for the BEV, which would indicate that these
countries marginally import from other countries with
dirtier electricity grids. The most extreme case is Slovakia,
whose consumption marginal emissions rate is 84%
higher than its local marginal emissions rate. The coun-
tries in red show a relative improvement in the FHEV
emissions rate, with Luxembourg and Estonia seeing the
largest changes. Estonia’s local marginal emissions rate
is 784 g CO, eq/kWh, which is 341% higher than its
consumption marginal emissions rate. This is due to 78%
of Estonia’s marginal demand being met by imports from
the country with the lowest marginal emissions
rate: Finland.

Looking at the most BEV-favorable scenario, driving
a FHEV in the Czech Republic now appears to reduce
emissions, and in the least BEV-favorable case, Bulgaria,
Estonia, Luxembourg, and Slovenia now indicate the FHEV
is the better option, while Hungary and Slovakia now favor
the BEV. This is a clear indication of how important it is
to consider the effect of imports and exports on emis-
sions associated with charging BEVs.

Charging Patterns Unlike TDLs, temperature correction,
and imports and exports, charging patterns were not
previously considered in this LCA. Instead, it was assumed
that cars would be charged at the mean marginal emis-
sions rate. When considering Tables A.2, A4, and A.6, the
effect of charging at different times of day in different
countries can clearly be seen. For example, in Finland (FI)
and Norway (NO) the hourly consumption marginal emis-
sions rates are effectively independent of the hour of the
day, however in a number of countries, such as Poland
(PL), Bulgaria (BG), and Greece (GR), for example, there is
a large (576 g CO, eg/kWh) difference in maximum and
minimum hourly consumption marginal emissions rates
over the course of the day. In these and many other
countries, overnight charging would give substantially
lower emissions compared to peak hours (morning or

evening) charging. If it takes about 8 h to charge an
electric vehicle (@assuming a 50-60 kWh battery with 7 kW
charging), then the highest and lowest-emitting charging
windows can be evaluated for each country by finding
the 8-h period with the lowest and highest mean marginal
emissions rates. Figure 14 is the same as Figure 5, except
that Figure 14(a) uses the mean marginal emissions rate
from the optimal 8-h windows, and Figure 14(b) uses the
worst 8-h windows. As a result, this presents more
extreme upper and lower bounds than in Figure 5. In the
most BEV-favorable case, only Cyprus indicates that a
FHEV would produce lower emissions, while in the least
BEV-favorable case, 11 countries appear to favor the FHEV
over the BEV.

Unlike the first three examples, it cannot be defini-
tively said that charging patterns should or should not
be ignored in an LCA. While the upper and lower bounds
were affected, and for some countries the conclusions
altered, the validity of assuming charging patterns with
marginal emissions rates is uncertain. If every electric
vehicle owner began charging at the hours with the
lowest marginal emissions rates, there could be a substan-
tial increase in demand at those times, and the reverse
would then be true for the hours with high marginal
emissions rates. This in turn could result in the marginal
sources (and hence emissions rates) changing at those
times. Hence, charging patterns were not implemented
in this vehicle comparison LCA, but are shown here
for completeness.

Light Bulb Comparison

There are several countries on the borderline when it
comes to deciding which drivetrain option leads to lower
lifecycle emissions. To provide some context to the differ-
ence in emissions rates, the emissions saving of the BEV
drivetrain can be represented as the number of light bulbs

m Best and worst charging ERgyey — ERgey (Units of g CO, eg/km).
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(b) Least BEV-favorable case—worst charging
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TABLE 3 Emissions reduction in most BEV-favorable case.

Country Number of LEDs

Bulgaria 18
Czech Republic 1

Great Britain 15
Greece 13
Hungary 9
[taly 14
Netherlands 18
Slovakia 1

© Convergent Science, Inc.; Alfred Drew; Martin Davy; Felix Leach

that would need to be replaced by LEDs to provide the
same benefit. If a 60 W incandescent light bulb is replaced
by a 7 W LED bulb, and assuming that it is switched on
for 8 h a day, this will save 155 kWh of electricity per year.
In Slovakia, the marginal emissions rate (accounting for
TDLs) is 858 g CO, eq/kWh, and the emissions rate saving
from the BEV in Figure 5(a) is 5.6 g CO, eg/km. Hence, if
the BEV is driven 20,000 km in 1 year, the emissions
avoided by driving a BEV equates to 112 kg CO, egq,
whereas the purchase of the LED saves 133 kg CO, eq.
So, the emissions benefit of driving a BEV in Slovakia, in
the best-case scenario, can be achieved by instead driving
a FHEV and replacing one light bulb with an LED. In the
case of the Hyundai Kona Advance, the FHEV costs at
least £4970 less than either of the BEV models, whereas
the price of an LED bulb is under £10 (and this cost would
be recouped several times over by the energy saving).
The same calculations have been performed for several
other countries which offer a relatively small emissions
reduction in the most BEV-favorable case and these are
summarized in Table 3.

The purpose of this comparison is not to diminish
the benefit offered by BEVs, but instead to outline that
in certain countries, there are much more cost-effective
methods to reduce emissions. The trade-off between the
emissions benefit and the additional cost of a BEV will
strongly influence consumer decisions when choosing a
new car, and for the countries in Table 3, LEDs offer a
cheaper way to avoid a similar amount of emissions. In
countries with lower marginal emissions rates (below
about 450 g CO, eg/kWh), the emissions saved by using
LEDs decreases, and the emissions avoided by driving a
BEV increase, so the number of LEDs required can
increase substantially.

German Grid

Germany is arguably the most important of all the coun-
tries analyzed in this LCA. It has the largest population,
largest number of passenger cars (49 million [43]), and
its size and central location means that it has the greatest
number of interconnectors and cross-border flows: 11. In
2023, seven countries marginally imported electricity
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from Germany, each doing so for at least 6 h of the day.
The average emissions rate in Germany is relatively high
(391 g CO, eg/kWh), given the country’s heavy utilization
of coal—26% of local generation in 2023. However, 59%
of local generation is produced by renewable sources,
with more than half of this coming from wind energy. In
2023, generation from low-carbon energy (wind, solar,
and nuclear) in Germany exceeded demand (excluding
exports) for 3.3% of the hours of the year. Excluding wind
energy, this did not occur. Consequently, in this LCA, wind
is a marginal source for every hour of the day in Germany
and as a result, Germany’s marginal emissions rate, 71 g
CO, eq/kWh, is relatively low.

In addition, several countries can exhibit negative
marginal emissions rates (Germany included), which is
generally due to fossil fuel generation being negatively
correlated with renewable energy production—i.e.,
when renewable output is predicted to increase, coal
or gas plants are turned off. In a simple Monte Carlo
simulation, supply and demand profiles can be created
to illustrate this. Using four source types [low-variance
non-marginal (e.g., nuclear), moderate-variance non-
marginal (e.g., biomass), high-variance renewable (e.g.,
wind), and low-variance marginal (e.g., gas)] it is possible
to show that the marginal source will demonstrate a
positive slope when regressed with demand (which here
is the supply) and a negative slope when regressed with
marginal demand (which here is marginal supply). This
occurs when the moderate-variance non-marginal
source is negatively correlated with the high-variance
renewable source. This is most likely the situation that
is found in these countries, where planning for variation
in wind supply on the grid requires adjustments to
another source to maintain grid stability. This is illus-
trated in Figure 15, where two cases are shown. One
where wind comprises 20% of the total supply (upper)
and the other where the wind is 40% of the total supply
(lower). The linear trendlines (representative of the
regressions) are shown for the low-variance marginal
source and the moderate-variance non-marginal source,
the latter of which was negatively correlated with the
high-variance renewable source for the purposes of this
demonstration. Figure 15 shows that the initially positive
slope of the marginal source (right) with supply converts
to a negative slope when re-regressed (i.e., against
marginal supply) when wind is at 40%. However, when
the wind is at 20%, both slopes are positive. The
moderate-variance non-marginal source (left) initial
regression does not produce a statistically significant
positive slope in either scenario, so is classified as non-
marginal in the analysis. Upon re-regression, a source
like the low-variance marginal source in the 40% wind
case would be removed due to its negative slope,
leaving only wind as the marginal source. But, wind is
not a marginal source because it cannot respond to
demand. To address this, a few alternative approaches
are suggested.



Downloaded from SAE International, Friday, August 07, 2026

18 Drew et al. / SAE Int. J. Elect. Veh. / Volume 15, Issue 3, 2026

m Trendlines (representative of the regressions) from the Monte Carlo simulation for various sources regressed
against marginal demand and demand for two cases, one where wind is 20% of the total supply and another when wind is 40% of

the total supply.
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Renewable sources could be removed before
re-regressing, (i.e., using the “emitting source” classifica-
tion), as has been done in previous studies [16]. In Germany;,
the “emitting source” marginal emissions rate is 935 g
CO, eq/kWh. But given that the previous method indi-
cated that more than 90% of marginal demand was met
by wind generation, using this value is inappropriate.

An alternative method is to avoid using Equation 6.
Instead, the local marginal emissions rate can be calcu-
lated using Hawkes's Method [44] (regressing total gener-
ation with total emissions mass flow rate, for a given

country, for a given hour of the day), and then ﬂcy,h can
be evaluated by multiplying the local emissions rate by

the sum of the gradients of the marginal sources, Zﬂfc,h.

In this way, the effect of marginal imports is still included,
and the marginal emissions rate captures the change in
emissions in response to a change in demand. Using this
method, Germany’s marginal emissions rate is estimated
to be 316 g CO, eq/kWh. However, when extending this
to other countries, some, such as Spain, exhibit negative
marginal emissions rates, which indicates that this method
does not provide meaningful results.

Another possible approach is to evaluate the marginal
sources and imports, and rather than re-regressing,
assume that each respond to a fraction of marginal
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demand. This fraction is calculated by normalizing the
marginal source’s gradient from Equation 3 (,ch,h) by the

sum of all of the marginal sources/imports (i.e., use the
remaining marginals by a proportion of their capacity).
Alternatively, the slopes from the first regression could
be normalized and used as if they resulted from the
re-regression. This fraction (from either approach) is then
used in a weighted sum of the emissions factors for that
country, to calculate a new estimate for A/, as shown in
Equation 15:

y 1 G
=— 2 F
:Bc,h ﬁtota( ﬁu,c,h u,c

ueuM

(15)

G /
where ﬁtotao = Zﬂu,c,h + Zﬂq,c,h

M M
uel)y qaCC‘h

In this work, the marginals were used by a proportion
of their capacity to obtain the fraction (although it should
be noted that in this case, using the slopes from the first
regression gave similar results). For Germany, the advan-
tage of this method over previous work [16] is that it
avoids the dominant effect of renewables in the
re-regressing process, which otherwise causes the
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removal of fossil fuel sources which do, in fact, respond
to demand. The advantage over Hawkes's Method is that
this method ensures all of the marginal emissions rates
are positive, for every country. This method evaluates
the responses of generation sources in isolation, whereas
the previous methods analyze the simultaneous
responses of multiple sources by combining them into
one regression (such as in Equation 6). It could therefore
be argued that this means the grid is not treated as a
dynamic system; however, it avoids the issues presented
in the re-regression process for the cases where some
marginal sources are negatively correlated with other,
more dominant, marginal sources. While the point made
here has been about ensuring that the contribution of
fossil fuels to the marginal emissions rate will be included
in a grid such as Germany’s, which is dominated by
renewables, it should also increase the likelihood that
the response of renewables will be represented in a grid
dominated by fossil fuel sources. This method is, effec-
tively, considering the probability that a source will
respond to increased demand and uses that as a
weighting factor to determine the marginal emissions
rate. All sources which appear to respond to demand are
included, and hence this may be the most appropriate
process for countries in Europe, where renewable
sources, particularly wind, are dominant marginal sources.
This method indicates that Germany’s marginal emis-
sions rate is 299 g CO, eqg/kWh, and the result of
performing the LCA with these marginal emissions rates
for the Hyundai Kona is represented in Figure 16. This
new method changes some of the LCA’s conclusions for
the BEV-FHEV comparison. In the most BEV-favorable
case, the Czech Republic and Slovakia have switched to
favoring the FHEV, and in the least BEV-favorable case,
Bulgaria now favors the FHEV, whereas the Netherlands
favors the BEV.

Conclusions

In this work, average and data-driven marginal emissions
comparisons have been used to conduct an LCA for two
otherwise identical vehicles propelled by different
powertrains. This applies a method previously developed
by Burton et al. to the USA [16] and modifies and adopts
it for countries in Europe. The key takeaways of this LCA
are as follows:

1. Comparing powertrain options for passenger
vehicles, purely on greenhouse gas emissions,
BEVs are the preferable option for most countries
in Europe. As per Figure 5, the lifecycle emissions
rate of a Hyundai Kona BEV is lower than that of
the FHEV version in 21 out of the 30 countries
analyzed, even in the least BEV-favorable case. It
ought to be noted, however, that the validity of
results for one region—Ireland—is limited due to
poor data quality.

2. When comparing the BEV and FHEV, seven
countries indicate that the powertrain technology
with the lowest emissions rate differs in the most
and least BEV-favorable scenarios. In these
countries, the benefit of an all-electric fleet is
more limited, and the middle ground of a PHEV
may be the optimal choice.

3. Marginal emissions rates, assuming they can
be calculated, give the most realistic indication of
the lifecycle emissions which result from
deciding to drive a BEV instead of a FHEV/ICEV.
The use of average emissions rates can cause
misleading conclusions to be drawn about which
powertrain produces fewer emissions, either by
exaggerating or diminishing the benefit of
driving a BEV.

m Hyundai Kona—marginal emissions case—evaluating marginal sources responding to a fraction of marginal demand

(units of g CO, eq/km).
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4. The sensitivity analysis clearly indicates that
neglecting factors such as interconnector and
cross-border flows and temperature correction
can cause a change in the LCA's conclusions. As
a result, any LCA that fails to consider these
effects could introduce bias into its results.

5. For countries with significant renewable energy
capacity, particularly if those countries use
negative pricing to curtail production of
renewable energy, an alternative method for
calculating marginal emissions rates is developed
and applied.

6. A marginal emissions rate of 450 g CO, eq/kWh is
approximately the cutoff below which the BEV
becomes the preferable powertrain option on an
emissions basis in this analysis. However, it is
important to bear in mind that just below this
cutoff there is still significant scope to reduce
vehicle emissions further.

Europe as a whole appears to be in a good position
to reap the potential benefits offered by BEVs. That
being said, for about a third of the countries analyzed
the emissions rate saving is limited or nonexistent.
Hence, in these countries, choosing a BEV over a hybrid
may not be the most cost-efficient way to reduce green-
house gas emissions today. A consumer’s choice of
powertrain technology will ultimately come down to
cost and amenity, and while a BEV may be too expensive
in many cases, choosing a hybrid over an ICEV presents
a more affordable method of reducing vehicle emissions.
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AAA - American Automobile Association
API - Application Programming Interface

BEV - Battery Electric Vehicle

BMRS - Balancing Mechanism Reporting Service
CO, - Carbon Dioxide

CO, eq - Carbon Dioxide Equivalent

EIA - Energy Information Administration

ENTSO-E - European Network of Transmission System
Operators for Electricity

EPA - Environmental Protection Agency

ETS - Emissions Trading Scheme

EU - European Union

FHEV - Full Hybrid Electric Vehicle

GHG - Greenhouse Gas

ICEV - Internal Combustion Engine Vehicle

IPCC - Intergovernmental Panel on Climate Change
LCA - Life Cycle Analysis

LED - Light-Emitting Diode

LIB - Lithium-lon Battery

PHEYV - Plug-in Hybrid Electric Vehicle

SEM - Single Electricity Market

TDL - Transmission and Distribution Losses

TSOC - Transmission System Operator Cyprus
UNECE - United Nations Economic Commission for Europe
USA - United States of America
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TABLE A.1 Top three marginal sources/imports (1/3).

Code Country Marginal sources/imports

AT Austria Wind (37.6%), gas (21.7%), pumped hydro (20.9%)
BE Belgium Gas (39.9%), Netherlands (28.9%), wind (12.1%)
BG Bulgaria Coal (36.8%), Romania (27.2%), hydro (12.4%)
CH Switzerland Hydro (23.52%), Germany (23.2%), pumped hydro (22.1%)
cY Cyprus Oil (94.8%), wind (3.6%), solar (1.6%)

cz Czech Rep. Coal (56.1%), Poland (15.6%), Germany (14.3%)
DE Germany Wind (90.3%), coal (3.5%), solar (2.3%)

DK Denmark Wind (80.7%), Germany (19.3%)

EE Estonia FI (78.5%), oil shale (15.5%), wind (2.6%)

ES Spain Wind (86.8%), solar (7.5%), gas (2.1%)

© Convergent Science, Inc.; Alfred Drew; Martin Davy; Felix Leach

TABLE A.2 Hourly consumption marginal emissions rates (units of g CO, eq/kWh) (1/3).

Hour AT BE BG CH (94 cz DE DK EE ES
0 670 2351 2477 1541 953.6 758.2 126 126 1711 126
1 708 186.9 2433 159.9 9536 7583 16.9 136 168.3 126
2 689 259.2 2350 169.6 885.6 756.3 174 137 162.2 126
3 334 3849 2482 1742 867.8 7709 181 139 1516 126
4 154.9 4813 3106 146.8 8594 754.8 200 141 169.3 126
5 2197 5147 7387 457 8741 7975 2673 56.4 1533 154
6 2478 504.2 5918 464 953.6 8101 3413 68.6 164.4 936
7 239.2 504.0 5429 46.0 9536 8298 3155 720 150.2 120.5
8 2322 406.8 504.4 876 9536 8684 2926 69.3 1363 96.2
9 2125 3170 4729 101 9536 876.7 2419 611 1217 742
10 2284 3121 2835 872 8917 788.9 16.7 136 134.2 159
i1l 2221 286.5 2836 1219 900.2 7919 170 137 1470 154
12 2131 2842 296.3 104.4 8935 7838 16.6 137 1633 150
13 2203 1654 4345 1019 8912 765.6 126 126 1733 14.9
14 2248 184.3 686.8 556 8403 7511 126 126 175.4 155
15 2328 74 657.3 511 8141 762.2 126 126 177 158
16 24611 4004 666.5 574 8358 792.8 126 126 1970 151
17 2443 4892 686.8 545 8611 8254 126 126 216.5 14.0
18 2511 5342 7019 473 953.6 8274 126 126 2380 134
19 2514 534.6 6619 63.6 9536 858.2 126 126 3009 126
20 1931 5385 400.5 593 9536 8292 126 126 2430 126
21 1303 536.5 363.2 934 9077 822.8 126 126 209.5 126
22 64.2 5445 2917 1587 902.7 7839 126 126 2016 126

[N]
w

62.8 2471 2631 1429 900.2 7349 126 126 1941 126
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TABLE A.3 Top three marginal sources/imports (2/3).

Code
Fl
FR
GB
GR
HR
HU
IE/NI
IT

LT
Ly

Country
Finland
France

Great Britain

Greece
Croatia
Hungary
Ireland
[taly

Lithuania

Luxembourg

Marginal sources/imports
Wind (100%)

Gas (38.5%), hydro (19.0%), Spain (10.4%)
Gas (90.4%), biomass (5.5%), coal (3.0%)
Gas (45.8%), wind (18.8%), coal (16.0%)
Bosnia (34.4%), wind (21.9%), Serbia (18.9%)
Slovakia (64.8%), Austria (24.3%), solar (7.6%)
wind (100%)

Gas (72.6%), other (6.2%), wind (4.8%),
Wind (44.8%), Sweden (36.0%), Belarus (9.2%)
Germany (99.4%), gas (0.5%), biomass (0.1%)
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TABLE A.4 Hourly consumption marginal emissions rates (units of g CO, eq/kWh) (2/3).

Hour

O© 0 N O Ul A W DN = O

_— A A A A A A
DN oI RN =01

Fl
126
126
126
126
126
126
126
126
126
126
126
126
126
126
126
126
126
126
126
126
126
126
126
126

FR
3016
2989
3057

3141
3189
2972
269.6
2544
2597
2739
2740
286.8
2941
2973
539
515
2558
2664
2746
2733
2993
3076
3086
264.7

GB
4783
479.5
4790
459.0
4618
4684
4781
4845
4908
4901
486.9
486.3
4870
486.8
4875
4883
4924
4957
4954
4931
4908
4897
4841
4799

GR
2671
27184
2609
314.0
3797
6116
5374
504.3
464.3
4348
432.8
4475
4931
5447
5897
636.8
6319
638.3
6414
6403
652.3
694.4
3744
2918

HR
3530
360.7
360.7
3453
3259
3184
3291
3452
3519
3571
3553
3526
3396
326.7
3185
3029
330.2
3370
3357
3341
3319
3173
3172
3390

HU IE/NI IT LT LU
5198 126 482.9 5.3 126
5293 126 4691 1128 191
5351 126 4659 14.0 74
5514 126 480.4 1m.0 208
610.7 126 5143 69.0 200
680.5 126 4938 2989 267.3
690.4 126 4658 583 3413
7230 126 4574 86.0 3178
638.2 126 4611 1320 295.2
525.2 126 4634 0.5 2419
4784 126 4637 617 230
495.0 126 479 617 232
5191 126 4957 631 228
554.2 126 494.8 3 194
6541 126 4901 731 193
6617 126 502.8 732 18.7
6676 126 5296 76.6 193
6704 126 5404 615 195
676.5 126 564.5 579 18.2
708.0 126 5793 527 126
6174 126 5794 56.3 126
5789 126 5724 52.8 126
5130 126 5070 86.0 126
484.2 126 4832 106.2 126
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TABLE A.5 Top three marginal sources/imports (3/3).

Code Country Marginal sources/imports

LV Latvia Hydro (43%), gas (31%), Estonia (18.4%)
NL Netherlands Gas (63.5%), coal (12.8%), solar (10.0%)
NO Norway Hydro (95.9%), pumped hydro (4.1%)

PL Poland Coal (70.7%), wind (14.2%), gas (7.0%)

PT Portugal Wind (58.5%), gas (16.7%), hydro (14.0%)
RO Romania Wind (68.7%), hydro (15.7%), Bulgaria (7.0%)
SE Sweden Hydro (50.6%), wind (31.1%), Norway (11.8%)
Sl Slovenia Croatia (49.8%), hydro (16.9%), coal (16.7%)
SK Slovakia Czech Rep. (66.8%), Poland (32.0%), gas (1.0%)

© Convergent Science, Inc.; Alfred Drew; Martin Davy; Felix Leach

TABLE A.6 Hourly consumption marginal emissions rates (units of g CO, eq/kWh) (3/3).

Hour Lv NL NO PL PT RO SE SI SK

0 186.5 4324 243 5351 126 426 274 3618 680.7
1 1905 330.8 242 5218 126 423 275 3599 676.2
2 1834 3153 242 5439 126 443 274 3577 6831
3 183.6 3185 242 6213 126 392 273 356.8 720.5
4 1834 555.3 243 7834 126 734 277 3738 764.2
5 2000 5453 243 10633 1354 165.4 291 4078 8829
6 2280 5331 244 10796 1555 1984 289 4315 8749
7 2435 514.8 24.4 10836 144.4 206.7 282 4378 9035
8 2363 504.4 24.4 1046.9 1415 196.4 277 41.2 9334
9 2397 3455 243 10453 1214 183.0 26.7 389.0 9251
10 2459 4386 243 10271 133 153.8 26.3 374.3 860.4
il 2380 4173 243 1024.7 175 1535 256 3771 858.6
12 2400 4139 243 1029.5 108.8 1516 258 3577 8536
13 2470 4312 243 10313 108.6 1536 269 3478 8458
14 250.0 466.7 243 10313 610 1679 29.2 3411 8337
15 255.2 5184 244 1062.4 108.7 1296 310 364.7 8517
16 2727 5435 24.5 1079.5 1304 1325 322 3922 8659
17 2833 4274 245 1097.8 1961 136.4 333 4187 879.2
18 2847 5709 24.5 1089.0 216.0 3.9 339 426.2 8922
19 2864 5686 244 10732 1931 949 340 4273 9238
20 2338 5720 244 8210 1587 62.9 334 4125 826.7
21 2048 562.7 244 7301 183 478 315 4706 7939
22 1954 5756 243 586.3 182 476 250 3581 7210
23 185.7 449.2 243 5226 278 46.7 280 3614 665.2
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