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H I G H L I G H T S  

• LCA of the GHG performance of a passenger car with various degrees of electrification. 
• Sensitivity analysis regarding the electricity mix and renewable fuel content. 
• Renewable fuels may lead to lower GHG emissions than a low carbon electricity mix. 
• Both electrification and renewable fuels are needed to reach the sector’s climate goals. 
• Policy instruments favor electrification over renewable fuels and need corrections.  
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A B S T R A C T   

A life cycle assessment is presented for a current vehicle’s greenhouse gas impact when using a combination of 
electrification and renewable fuels. Three degrees of electrification are considered: a hybrid electric vehicle, a 
plug-in hybrid electric vehicle, and a battery-electric vehicle. These are combined with fuels with various degrees 
of renewable content, representing a fossil fuel, a first-generation biofuel and a second-generation biofuel. For 
charging, the 2020 European electricity mix is used and compared with an electricity mix of low greenhouse-gas 
intensity. Renewable fuels are found to have a greater potential to reduce the life-cycle greenhouse gas emissions 
than a low carbon electricity mix. The results are discussed in terms of the supply potential for renewable fuels on 
the fleet level. It is found that plug-in hybrid vehicles may enable the automotive sector to reach more ambitious 
climate goals than battery-electric vehicles. An assessment is also made of how the life cycle greenhouse gas 
emissions compare with the emissions as measured by current policy instruments. The discrepancies indicate that 
current climate policy instruments are inadequate for minimizing the automotive sector’s climate impact and 
suggestions for improvements are made.   

1. Introduction 

The transport sector accounts for a quarter of the greenhouse gas 
(GHG) emissions in the European union (EU), and the share is growing 
[1]. In 2017, cars were responsible for 44.3% of these emissions [2]. A 
90% reduction in transport emissions is needed to achieve climate 
neutrality by 2050, and for this reason, the European Commission (EC) 
proposes a revision of the CO2 legislation standards for cars and vans by 
June 2021 to ensure a clear pathway from 2025 onwards towards zero- 
emission mobility [1]. 

As electrification is widely perceived as the most effective route to
wards decreased GHG emissions, public policy instruments tend to favor 

electric vehicles. This is illustrated by the definition of battery-electric 
vehicles (BEVs) as zero emission vehicles, subjecting these to super 
credits during phase in of the EU 95 g/km limit for CO2 emissions (i.e. 
counting each BEV as two zero-emission vehicles) [3], and subsidies 
designed to increase market shares of BEVs. These policies have 
prompted vehicle manufacturers to make focused efforts on electrifica
tion, often at the expense of vehicles capable of using renewable fuels. 

The GHG mitigation efficacy of both electrification and renewable 
fuels has been discussed in recent years. For BEVs, both the GHG in
tensity of the electricity used for charging and the GHG emissions 
associated with battery production have been debated. Biofuels, on the 
other hand, have been discussed in terms of their indirect GHG 
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emissions e.g. due to potential indirect land-use change (ILUC) when 
growing feedstock crops. 

Analyses of BEV emissions have suffered from large uncertainties in 
the estimated GHG emissions from battery production, with published 
figures spanning from 30 to 494 kg CO2-equivalent per kWh of battery 
capacity [4]. A 2017 metastudy narrowed this span to 150–200 kg/kWh 
[5]. With GHG emissions of this magnitude, the batteries have been 
estimated to contribute 31–46% of the total GHG impact from 
manufacturing a BEV [6]. More recently, the span was shifted signifi
cantly downwards to 61–106 kg/kWh, due to access to more transparent 
data [7]. This new span includes the level indicated in the widely used 
Greenhouse Gases, Regulated Emissions, and Energy Use in Trans
portation (GREET) model (see e.g. [8]), but excludes end-of-life emis
sions, which were included in the previous span. 

Uncertainties about the GHG reduction potential of renewable fuels 
are also decreasing. To avoid potential negative ILUC effects, current 
policies (e.g. within EU [9]) promote biofuels from non-crop biomass 
feedstock, such as residues from agriculture and forestry. Studies from 
IPCC [10], the EC [11] and several journal articles (e.g. [12–14]) also 
show the potential of producing energy crops without causing negative 
ILUC effects, for example, in regions with excess arable land not used for 
food or feed production or by integrated food and energy crop produc
tion systems. Furthermore, renewable fuels do not have to be sourced 
directly from biomass but can be synthesized using renewable electricity 
(so-called e-fuels) [15]. While e.g. IPCC [10,16] and IEA [17] state that 
the global potential for biofuels is limited by the quantity of biomass that 
can be sustainably produced, the production potential for renewable e- 
fuels is fundamentally limited by the supply of renewable electricity 
[18]. 

Biofuels are not unique in facing sustainability limitations. A sig
nificant scaleup of the BEV fleet could entail challenges such as shortage 
of minerals for battery production. Mining already gives BEVs signifi
cantly higher impact on human toxicity and freshwater ecotoxicity than 
conventional vehicles [19] and the growing demand for battery minerals 
have lately prompted an interest in deep-sea mining, which could have 
severe impacts on sensitive, deep sea ecosystems [20]. This stresses that 
any technology based on limited resources – whether it be biomass or 
minerals – may face sustainability challenges when implemented on a 
global level. For this reason, a combination of measures is likely to be 
needed when shifting the car fleet towards low GHG emission technol
ogies. This motivates an assessment of electrification and renewable 
fuels in the same context. 

GHG emissions from BEVs have been compared to those of internal 
combustion engine vehicles (ICEVs) in a large number of studies. For 
example, Hawkins et al. found that a small BEV powered by European 
electricity offered a decrease in global warming potential (GWP) 
compared to an ICEV. Since much of the GWP of a BEV was associated 
with the battery production, the magnitude of the decrease was sensitive 
to assumptions about the vehicle lifetime. On the other hand, the study 
associated BEVs with significant increases in human toxicity, freshwater 
eco-toxicity, freshwater eutrophication, and metal depletion – impacts 
largely emanating from the vehicle supply chain [21]. Faria et al., 
widened the perspective by also considering a range of electricity mixes 
in a detailed study of economic and environmental balances for mid- 
sized HEVs, PHEVs, and BEVs. Based on real-world drive cycles, the 
BEV was found to have the lowest GWP of the vehicle set [22]. Ma et al. 
studied a range of vehicles operated in the UK and California. Even when 
accounting for an increased electricity demand, the BEVs tended to emit 
less GHG emissions than an ICEV, although high speed and load con
ditions reduced the difference, especially when using marginal elec
tricity [23]. Onat et al. considered the spatial and temporal variation in 
GHG intensity of the electricity production across the USA. Based on 
average electricity mixes, BEVs were found to be the best option in 24 
states. Use of marginal electricity substantially increased the BEV GHG 
emissions, whereas renewable electricity substantially decreased them 
[24]. All of these studies were based on small BEVs with small batteries, 

typically a Nissan Leaf with a 24 kWh battery pack. Bauer et al. assumed 
larger batteries for a set of current and future mid-size passenger vehi
cles, where a 2030 BEV model was expected to have a battery capacity of 
73 kWh. In this study, a 2012 diesel HEV was found to have a similar 
GWP as a BEV powered with EU electricity, whereas the 2030 BEV had 
about half the GWP of the diesel HEV, due to reduced GHG intensity of 
the electricity mix. Similarly to [21], the authors noted that BEVs are not 
necessarily better than ICEVs in terms of other environmental impacts 
and therefore advocated integration of life cycle management in policies 
to counter potential environmental drawbacks [25]. Ellingsen et al. 
explicitly addressed the effects of vehicle and battery size, studying 
vehicles weighing 1100–2100 kg, having battery capacities in the 17.7 
to 59.9 kWh range. Life cycle GHG emissions were compared between 
BEVs and ICEVs in four vehicle classes over a total driving range of 
180,000 km. Although the BEVs had elevated production phase emis
sions, these were found to be offset by decreased emissions during the 
use phase for all considered electricity mixes except coal power [6]. 

The works above represent the most widely cited life cycle assess
ment (LCA) comparisons between BEVs and ICEVs published during the 
last decace (i.e. during the period when market-viable BEV technology 
has become available). Despite the variety of perspectives offered in 
these studies, a fundamental flaw is that they exclusively evaluate ICEVs 
in the context of fossil fuels. Only a few LCA comparisons involving 
renewable fuels were published in the last decade, most of which indi
cate that biofuels compare well with electrification in terms of GHG 
emissions. Boureima et al. made a comparative LCA of conventional and 
alternative vehicles, finding that a BEV powered with Belgian electricity 
emits less GHG than the alternatives, except for a vehicle fueled with 
sugarcane-based E85 [26]. Relatively small battery packs were assumed 
for the BEV and as the energy consumption for battery production was 
withheld from the article, it is difficult to assess how relevant this 
analysis is to current BEVs. Tessum et al. compared air quality impacts of 
10 alternatively powered vehicles. First-generation ethanol was found to 
result in lower GHG emissions than US grid average electricity, and 
second-generation ethanol resulted in lower GHG emissions than 
renewable electricity [27]. Due to the assumptions about vehicle energy 
consumption and battery capacity not being explicitly mentioned in the 
study, it is difficult to translate these results into a current EU context. 
Furthermore, up to half the battery production emissions were stated to 
occur outside the spatial modeling domain (USA) and therefore 
excluded from the analysis. Meier et al. benchmarked 27 scenarios 
against a 50% petroleum-reduction target and an 80% GHG-reduction 
target in USA. At a relatively high rate of electrification (40% of miles 
and 26% by fuel), an 80% GHG reduction could only be achieved with 
significant quantities of low-carbon liquid fuel in cases with low or 
moderate travel demand growth [28]. Messagie et al. compared BEVs to 
ICEVs using a range of fuels, including first-generation biofuels. They 
noted that the feedstock of the fuel affects the outcome: sugarcane 
ethanol was found to result in a far smaller GWP than a BEV charged 
with EU electricity, whereas sugar-beet ethanol resulted in a slightly 
greater GWP [29]. Picarelli de Souza et al. compared ICEVs fueled with 
gasoline and sugarcane ethanol to BEVs in a Brazilian context and found 
that, in terms of GWP, the ethanol vehicle was the best vehicle in this set, 
followed by the BEV [30]. Glensor et al. reverses the picture: in a Bra
zilian passenger transport system consisting of cars and urban buses, 
biofuels yielded similar or higher GHG emissions than a business-as- 
usual scenario, whereas electric vehicles significantly reduced them 
[31]. This study only considered first-generation biofuels (ethanol from 
sugarcane and biodiesel from soybeans) and the major contributor to 
their GHG emissions was negative ILUC effects. Interestingly, the elec
trification scenario was credited with positive ILUC effects. From an EU 
perspective, potential negative ILUC effects of the use of biofuels has 
been assessed during the last two decades in connection to the revision 
of the Renewable Energy Directive (REDII), which will be implemented 
in 2021. The overall conclusions from this assessment are that palm oil is 
currently the only feedstock identified as a high ILUC-risk feedstock for 
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biofuels, whereas other feedstocks, such as cereals, are seen as low ILUC- 
risk feedstocks [11]. However, REDII limits the contribution of con
ventional biofuels based on food and feed crops to avoid future risks of 
negative ILUC effects and suggest a gradual phase-out of high ILUC-risk 
feedstock (e.g. some palm oil) until 2030 [9]. A future expansion in the 
use of biofuels within EU will therefore be based mainly on non-food 
crop feedstock thereby avoiding risks of negative ILUC effects. 

This article presents a life cycle assessment of the GHG impact of a 
current car model using three degrees of electrification: a hybrid electric 
vehicle (HEV), a plugin hybrid electric vehicle (PHEV), and a BEV 
having a battery capacity representative of modern mid-sized cars. In 
contrast to the comparisons cited above, this study addresses the com
bination of electrification and renewable fuels. The hybrid vehicles are 
therefore combined with fuels with various degrees of renewable con
tent to assess how the combinations compare with electrification alone. 
The baseline fuel is a fossil fuel (gasoline). This is compared with a first- 
generation biofuel (ethanol, mainly based on cereals). In contrast to the 
studies cited above, the study also includes a second-generation biofuel 
(hydrotreated vegetable oil, HVO, mainly based on residues and waste 
products). All fuels are widely available at filling stations in Sweden. The 
2020 European electricity mix is used for charging and is compared to a 
potential 2050 European electricity mix, based on modeling scenarios 
used by the EC. The results are analyzed in relation to the EU 95 g/km 
limit for CO2 emissions to provide a perspective on how the legislated 
GHG emissions (measured tank-to-wheel) compare with the life cycle 
emissions of the studied vehicles. Finally, the potential to achieve 
climate neutrality in the automotive sector using these options and the 
associated policy implications are discussed. 

2. Methodology 

The Kia Niro is a subcompact HEV manufactured by Kia Motors since 
2016. With a service weight of just above 1500 kg it is heavier than the 
average European car (1397 kg in 2018 [32]), but it is still a moderately 
sized car. A PHEV version of the Kia Niro was introduced in Europe in 
2017, and a BEV version was introduced in 2018 [33]. The Kia Niro thus 
offers three powertrain alternatives with various degrees of electrifica
tion in the same base vehicle, making it ideal for assessing the GHG 
impact of powertrain choices independently of other vehicle factors. 

This LCA is based on the manufacturer’s vehicle specification for the 
2020 Kia Niro model, combined with typical data from the literature as 
described below. The analysis should thereby not be seen as a detailed 
assessment of a specific vehicle, but of the impacts of various technology 
choices using a currently available vehicle as a model. For example, it is 
assumed that the model vehicle can be powered with the biofuels 
ethanol (in the form of E85) and biodiesel (in the form of HVO), which is 
not possible with the Kia Niro. Key technical data of the three Niro 
versions are given in Table 1. Note that the battery capacity of the BEV 
model is 64 kWh, adding more than 400 kg to the vehicle as compared to 
the HEV model. This illustrates the trend towards larger batteries as 
battery technology develops. For example, the Nissan Leaf (comparable 

to the Niro in size) was equipped with a 24-kWh battery when intro
duced in 2010. Over the years, its battery pack has grown to 62 kWh in 
the current Leaf e + model [34]. This 260% increase more than offsets 
the recently reduced estimates of GHG emissions from battery 
production. 

As schematically illustrated in Fig. 1, the global warming potential 
(GWP) of the vehicles is assessed as g CO2-equivalent per kilometer from 
the production, usage, and end-of-life phases. A weight-based relation
ship was used to estimate the GHG emissions from the production of the 
car excluding the battery. The relationship was determined by linear 
regression based on data from LCAs of 11 modern ICEVs in the A, B, C, 
and F segments [6]. It should be noted that the vehicle production 
emissions include the production of the ICE. As the ICE contributes a 
minor part of the production GHG impact (7% according to the in
ventory of [21]), the same production data were used for all three ve
hicles. This gives the BEV a slight advantage in the comparison as the 
GHG impact of the powertrain production is greater for a BEV than for 
an ICEV [21]. Since the battery production emissions are so dominant 
for the BEV, however, this simplifying assumption does not affect the 
conclusions. The GHG emissions from battery manufacturing were 
estimated separately using the updated assessment of 61–106 kg CO2-eq 
per kWh, where the lower value represents production with a renewable 
electricity mix and the higher represents production with a fossil-rich 
mix similar to the Chinese electricity mix [7]. In the diagrams pre
sented in this article, the bars are based on the midrange value for 
battery production (83.5 kg/kWh) and the error bars display the 
outcome using the lower and higher values of the range, respectively. 

The GHG emissions from the usage phase were based on the total fuel 
and electricity consumption during the vehicle life. Many previous LCA 
comparisons between BEVs and ICEVs have used a 150,000 km usage 
phase to avoid having to account for a potential battery replacement (see 
e.g. [4,19,21]). As this is probably too conservative and would give the 
HEV an unfair advantage, a vehicle life of 200,000 km is assumed. The 
official WLTP (worldwide harmonized light vehicle test procedure) en
ergy consumption was used for each vehicle version. This test cycle has 
replaced the NEDC (new European drive cycle) in the EU vehicle certi
fication and results in higher energy expenditure due to steeper speed- 
load transients. It could still be argued that the WLTP cycle is less 
transient than the driving styles of many real-world drivers, but such 
effects are assumed to affect the energy consumption of all vehicles in 
the same way. They will not affect the conclusions, as this assessment is 
a comparison of powertrains and fuels. 

The contributions from the fuel to the usage phase emissions were 
based on statistics from the Swedish Energy Agency on fossil and 
renewable fuels delivered to the road transport sector in Sweden in 2018 
[35]. The GHG emissions are determined from a well-to-wheel 
perspective in accordance with the EU RED. This means that emissions 
from the whole production process are included, as well as from com
bustion of the fossil-based components. As discussed previously in Sec
tion 1, no negative ILUC effects are assumed to be associated with the 
current use of biofuels. The emissions of the fuels are given in Table 2. 

The fuels were chosen to represent various degrees of renewable 
content. As the Kia Niro HEV and PHEV models have spark ignition 
engines, Swedish Mk1 gasoline was used as the baseline fuel, which on 

Table 1 
Technical specifications of the vehicle models.  

Powertrain HEV PHEV BEV 

Engine 1.6 l 
4 cyl 
gasoline 

1.6 l 
4 cyl 
gasoline  

Battery type Li ion 
polymer 

Li ion 
polymer 

Li ion 
polymer 

Battery capacity (kWh) 1.6 8.9 64 
Battery mass (kg) 33 117 457 
Fuel consumption WLTP (l/100 

km) 
4.8 1.4 0 

Electricity consumption WLTP 
(kWh/100 km) 

0 no data 15.9 

CO2 WLTP (g/km) 110 31 0  

CAR BATTERY

FUEL ELECTRICITY

PRODUCTION

USE

END OF LIFE

CO2 emissions

CAR BATTERY

Fig. 1. Product tree for the LCA.  
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average has 6.3% renewable content (low blend ethanol). E85, which is 
a mix of 85% ethanol (mainly produced from cereals) and 15% gasoline, 
is available at filling stations throughout Sweden and is used in this 
assessment to represent a first-generation biofuel. Due to the lower en
ergy content of ethanol, a 30% higher fuel consumption was assumed for 
this fuel compared to the gasoline engine. HVO, or hydrotreated vege
table oil, is a drop-in biobased diesel fuel mainly produced from by- and 
waste products (e.g. from the forest, agriculture and food industry) and 
represents a second-generation biofuel. Like E85, HVO is widely avail
able at filling stations in Sweden. It should be noted that part of the HVO 
sold in Sweden in 2018 was based on palm fatty acid distillate (PFAD), 
which is a by-product from palm oil production that will be gradually 
phased out along with the previously discussed phase out of palm oil in 
the EU by 2030 [11]. Unexploited resources of, for example, forest 
residue feedstocks in Sweden and the EU are expected to replace PFAD 
in future HVO production. The carbon footprint of future HVO produced 
from forest residue feedstocks is calculated to be similar as todaýs HVO 
shown in Table 2. This is also valid for forest residue-based ethanol 
which will have a significantly lower carbon footprint than the current 
crop-based ethanol presented in Table 2 [36]. As HVO is typically used 
in compression ignition engines, which have higher energy efficiencies 
than spark ignited engines, a 25% lower fuel consumption is assumed 
with this fuel compared to the baseline fuel [37]. As will become clear in 
the discussion section, these first- and second-generation biofuels are 
seen as steps in a gradual transition towards e-fuels, which will increase 
the total potential for sustainable production of renewable fuels. 

The electricity contribution to the usage phase emissions is based on 
an LCA of the GHG intensity for the EU-28 electricity mix used in the 
recent European Commission (EC) report on LCA of vehicles [38]. The 
production chains for this electricity mix are taken directly from two EC 
modelling scenarios: the baseline scenario (accounting for all currently 
planned and/or implemented EU and national policies) and the Tech1.5 
scenario (consistent with keeping the global temperature increase below 
1.5 ◦C). By removing the emission contribution from the infrastructure, 
GHG intensities that are directly comparable to the well-to-wheel 
emissions of the fuels are obtained. The midrange of values of the two 
scenarios is used. This results in 429 g/kWh for the 2020 electricity mix, 
and in 38 g/kWh for 2050. As there are no data for the electricity con
sumption of the PHEV, it is assumed to be equal to the BEV electricity 
consumption in electric drive mode. Note that non-fuel and non- 
electricity contributions to the usage phase emissions are omitted from 
the assessment as they are both negligible and similar for ICEVs and 
BEVs [21]. 

For the end-of-life emissions of the car (excluding the battery), a 
weight-based relationship was used, determined by linear regression of 
LCA data for vehicles in the A, B, C, and F segments [6] which, in turn, 
was based on the inventory in [21]. For the batteries, the end-of-life 
emissions were estimated to be 12% of the production value [7]. 

The following assessment begins by a comparison of life cycle GHG 
emissions from the vehicles using various combinations of powertrains, 
fuels and electricity mixes. This is, in effect, a sensitivity analysis of the 
life cycle GHG emissions of the vehicles with respect to the varying GHG 
intensities of the fuels and the electricity mix. After this, the effect of the 
share of driving in electric mode on the PHEV GHG emissions is assessed 
using the same combinations of electricity mixes and fuels. Finally, an 

aggregated calculation of how the share of BEVs in the car fleet affects 
the emissions on a fleet level is performed. All these analyses are pre
sented in the following section. 

3. Results 

3.1. 2020 EU electricity 

Fig. 2 shows the GHG emissions from the three powertrain alterna
tives when using 2020 EU electricity. The contribution from the pro
duction phase is given in blue, where light blue represents the vehicle 
excluding the battery and dark blue represents the battery. The usage 
phase emissions are given in purple, where reddish purple represents the 
fuel contribution and the bluish purple represents the charging elec
tricity. The end-of-life contributions are represented by the top, olive 
parts of the bars. There is also an error bar displaying the effect of the 
span in GHG emissions from battery production, since this has an sig
nificant impact on the results compared with other factors in car 
manufacturing [7]. As seen in the figure, only the BEV estimate is 
significantly affected by this span, due to its large battery pack. 

The grey, horizontal line in Fig. 2 represents the European fleet 
average limit of 95 g CO2 per km. Exceeding this limit will incur fines for 
the vehicle manufacturer. The limit is not strictly relevant in an LCA 
context, as the CO2 legislation only applies to the tank-to-wheel (TTW) 
emissions. For this reason, the BEV produces no CO2 emissions accord
ing to the certification method. For the same reason, the certification 
CO2 emissions of the HEV and PHEV are lower than indicated by the 
reddish-purple part of the gasoline bar, as this part accounts for the well- 
to-wheel (WTW) emissions of the fuel, of which the TTW emissions are 
only a part. Although the grey line is not completely relevant, it is dis
played as a reference to illustrate the small portion of the vehicle CO2 
emissions that is accounted for by the EU certification method. 

Note that the PHEV bars show contributions from both fuel and 
electricity. During certification, a PHEV is tested once in electric drive 
mode (i.e. with zero TTW emissions) and once in ICE drive mode. In ICE 
mode, the batteries may be used for regenerative braking and the vehicle 
thereby effectively works as a HEV. The certification CO2 emissions are 
determined as a weighted average of the results in the two modes, with 
the weighting factor determined by the vehicle’s electric range [39]. The 
contributions of fuel and electricity to the PHEV GHG emissions in Fig. 2 
are calculated using this weighting factor. 

As seen in Fig. 2, the HEV represents both the top and bottom of the 
emission range. It is the highest emitter when fueled with gasoline and 
the lowest when fueled with HVO. The PHEV has a slightly smaller 
carbon footprint than the BEV when fueled with gasoline (131 and 139 
g/km, respectively), but none of them meet the 95 g/km limit. With E85, 
the HEV emissions decrease below the BEV level. With HVO, both the 
HEV and PHEV meet the 95 g/km limit. It can be noted that both the 
HEV and PHEV benefit greatly from using renewable fuels, but the PHEV 
is less sensitive to the fuel type. This is due to a relatively large CO2- 
contribution from the electric drive mode, which remains constant when 
the fuel is altered. It is also clear that electrification is not sufficient in 
itself to meet the 95 g/km limit in a life cycle perspective with current 
EU electricity. The CO2 footprint of the BEV is merely 24% lower than 
that of the gasoline powered HEV. 

3.2. 2050 EU electricity 

Fig. 3 illustrates how the results in Fig. 2 are affected by using the 
predicted EU electricity mix in 2050. The life cycle emissions for E85 
and HVO are unchanged and thereby include neither potential future 
improvements in the fuel production efficiency nor negative effects from 
ILUC etc. To isolate the effect of the GHG intensity of the electricity mix, 
it is also assumed that the fuel and electricity consumption of the ve
hicles remain the same. Viewed in relation to the 95-gram CO2 limit, the 
BEV now meets the target, once again stressing that decreasing the GHG 

Table 2 
Specific CO2-equivalent emissions of the energy carriers.  

Energy carrier CO2-eq CO2-eq CO2-eq  
g/MJ g/l g/kWh 

Gasoline 90.2 2930  
E85 48.5 1120  
HVO 8.8 295  
2020 electricity   429 
2050 electricity   38  
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intensity of the grid is a prerequisite for achieving a substantial GHG 
reduction by electrification. The PHEV vehicle also meets the target, 
regardless of the fuel used. It is still less sensitive to the fuel type than the 
HEV due to its large share of electric drive. It can be noted that the PHEV 
now emits slightly more CO2 than the BEV when fueled with gasoline 
(90 and 77 g/km, respectively). Its emissions break even with the BEV at 
an electricity GHG-intensity of 276 g/kWh, but the difference remains 
relatively small regardless of the electricity mix used. Fueled with E85, 
the PHEV emits less than the BEV. Fueled with HVO, it is on par with the 
HEV, which meets the 95 g/km limit by a factor of two with this fuel. In 
summary, regardless of the electricity mix used in this study, the 
renewable fuels consistently have a larger GHG reduction potential than 
electrification. The HEV and PHEV reduce GHG emissions below the 
BEV level due to their smaller battery packs, which more than offsets the 
emissions from the ICE drive mode for a renewable fuel with low GHG 
intensity. 

3.3. Impact of the electric drive share 

As a PHEV can be operated either in electric drive mode (charged 
from the grid) or in ICE mode (powered by fuel), it is interesting to study 
how the electric drive share (EDS) affects the GHG emissions. EDS here 
denotes the percentage of the total distance that is covered in electric 
drive mode. 

The GHG emissions of the PHEV in Figs. 2 and 3 were based on the 

EDS prescribed by the WLTP based on its electric range. The EDS in 
actual use may be different and Fig. 4 illustrates how this affects the 
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Fig. 2. Life cycle CO2 emissions from the HEV, PHEV, and BEV model when using 2020 EU-28 electricity. The colors represent, from bottom to top, production phase 
emissions from the car and battery, usage phase emissions from the fuel and electricity, and end-of-life emissions. The error bars indicate how the span in battery 
production emissions affects the overall emissions. 
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Fig. 3. Life cycle CO2 emissions from the HEV, PHEV, and BEV model when using 2050 EU-28 electricity.  
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Fig. 4. PHEV CO2 emissions as function of electric drive share (EDS) with 2020 
EU electricity. The slanting lines show the emissions when fueling the PHEV 
with gasoline (purple line), E85 (turquoise), and HVO (olive). The horizontal 
blue line shows the BEV CO2 emissions, with dotted blue lines representing the 
BEV error bars in Fig. 2. The horizontal grey line represents the EU 95 g/km 
limit and the vertical red line represents the EDS prescribed for the model 
vehicle in the WLTP. 
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GHG emissions using 2020 EU electricity. Three slanting lines represent 
the PHEV emissions when powering the ICE with gasoline (purple line), 
E85 (turquoise line), and HVO (olive line). The horizontal blue line 
shows the BEV emissions (139 g/km) with dotted blue lines representing 
the error bars due to the range in battery production emissions. The 
horizontal grey line represents the 95 g/km limit, and the vertical red 
line represents the EDS prescribed by the WLTP. 

The three slanting lines converge at 100% EDS, since the fuel effect 
vanishes when the PHEV is operated in electric drive mode. As seen at 
the far right of the diagram, the GHG emissions from the PHEV lie below 
the BEV band in 100% electric mode. This is due to the significantly 
smaller battery pack reducing the PHEV’s production phase emissions. 
The gasoline-powered PHEV requires at least 49% EDS to reduce the 
emissions below the BEV level. As will be pointed out in the discussion 
section, this is a typical EDS for the average PHEV customer. In practice, 
therefore, the PHEV carbon footprint is on par with that of the BEV when 
using 2020 EU electricity, even when operated with fossil fuel. With the 
renewable fuels, the GHG emissions increase with increasing EDS. The 
emissions of the E85-fueled PHEV lie below the BEV level in all drive 
modes. The HVO-fueled PHEV is the only vehicle that meets the 95 g/km 
limit during some conditions (at less than 69% EDS). 

Fig. 5 shows how the results presented in Fig. 4 are affected when 
using 2050 EU electricity instead. The horizontal blue BEV line is now 
located below the grey 95-gram line at 77 g/km (cfr Fig. 3). At 100% 
EDS, all the PHEVs continue to outperform the BEV. With gasoline, a 
77% EDS is required to reduce the PHEV GHG emissions below the BEV 
level. With E85, the corresponding figure is 52%, while HVO is relatively 
unaffected by the EDS and outperforms the BEV in all driving modes. In 
summary, even with 2050 electricity, a PHEV can reduce the GHG 
emissions below the BEV level, granted that it is mainly used in electric 
drive mode or operated with an adequate renewable fuel. 

3.4. Impact of BEV share in the overall fleet 

Car manufacturers are required to report the average CO2 emissions 
of the cars they sell in EU each year. Failing to meet the 95 g/km limit 
will incur penalty payments in proportion to the excess emissions. When 
calculating the average, BEVs are defined as zero emission vehicles and 
PHEV emissions are determined as a weighted average of the emissions 
from the ICE and electric drive modes, as described above. During the 
phase-in of the 95 g/km limit, electric vehicles are also granted so-called 
super credits, meaning that each BEV sold during 2020 is counted as two 
zero-emission vehicles. The factor then decreases to 1.67 in 2021 and 
1.33 in 2022 [39]. A super credit cap of 7.5 g/km per manufacturer 
applies over the three years. 

As both the zero-emission definition and the super credits are policy 
instruments designed to increase the BEV share of the fleet, it is inter
esting to investigate how effective they are at reducing the fleet 

emissions when upstream life cycle emissions are included. In this sec
tion, the CO2 emissions according to the policy (i.e. based on WLTP 
emissions and 2020 super credits) are compared to the life cycle CO2 
emissions of a hypothetical fleet, consisting of a mix of the HEV and BEV 
previously studied. A real-world fleet will naturally be a more complex 
mix of vehicles, but this simplified analysis still provides an illustration 
of some important effects. 

Fig. 6 shows the average GHG emissions as a function of the share of 
BEVs in the fleet. At 0% BEV share, all vehicles are HEVs powered by 
either gasoline, E85 or HVO. At 100% BEV share, all vehicles are BEVs 
powered by 2020 EU electricity. The horizontal grey line again marks 
the 95 g/km limit for CO2. 

Starting with the dotted lines in Fig. 6, these show the fleet average 
GHG emissions as determined by the WLTP. The grey dotted line does 
not account for super credits. At 0% BEV share it attains the WLTP 
emissions of the HEV powered by gasoline, i.e. 110 g/km (see Table 1). It 
then decreases linearly with increasing BEV share to zero emissions at 
100% BEVs. The grey dotted line shows that, without super credits, 14% 
BEVs are required to meet the 95-gram target with this hypothetical 
fleet. The black dotted line accounts for the 2020 super credits (i.e. each 
BEV is counted twice) and therefore drops twice as fast until the cap of 
7.5 g/km reduction has been attained. After this point, it follows the 
same slope as the grey dotted line. When accounting for super credits, 
only 7% BEVs are required to meet the 95-gram target. 

Turning to the solid lines in Fig. 6, these represent the life cycle 
emissions of the fleet. When fueling the HEVs with gasoline (purple 
line), the average emissions are considerably higher than the WLTP 
level, which only includes the TTW emissions. Moreover, the slope with 
increasing BEV share is not nearly as steep, and the line never drops 
below the 95 g/km limit. Note that increasing the BEV share from 0 to 
100% merely decreases the emissions by 24% in the life cycle fleet- 
emission perspective, as compared to 100% according to the certifica
tion method. While selling 7% BEVs would meet the 95 g/km limit ac
cording to the super credit calculation, this merely reduces the life cycle 
fleet-emissions by 1.6%. For E85 (turquoise) and HVO (olive), the life 
cycle fleet-emissions are equal to or lower than the WLTP emissions at 
the far left of the diagram. Interestingly, they then increase with 
increasing BEV share for these fuels. HVO is the only fuel for which the 
95 g/km limit can be met, provided that the BEV share does not exceed 
49%. In summary, for small shares of BEVs, electrification has modest 
effects on fleet GHG emissions, whereas renewable fuels can have large, 
immediate effects. With the current electricity mix, this renders policy 
measures that favor electrification relatively ineffective, and even 
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Fig. 5. PHEV CO2 emissions as function of electric drive share (EDS) with 2050 
EU electricity. The lines are color coded as in Fig. 4. 
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Fig. 6. Fleet CO2 emissions as function of the share of BEVs using 2020 EU 
electricity. The slanting lines correspond to the HEV part of the fleet being 
fueled with gasoline (purple), E85 (turquoise), and HVO (olive line). The dotted 
lines represent the emissions as measured by the EU vehicle certification 
method. The grey dotted line is based on official WLTP emissions, counting 
BEVs as zero emission vehicles; the black dotted line also includes 2020 
supercredits for BEVs. 
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counterproductive if the HEV part of the fleet uses renewable fuels with 
low carbon footprint. 

Fig. 7 shows the results when using 2050 EU electricity. At this 
reduced grid GHG intensity, it is possible to reach the 95-gram limit with 
all of the fuels studied. The limit is attained at 83% BEV share when 
using gasoline in the HEV part of the fleet, at 49% BEV share when using 
E85, and for all BEV shares when using HVO. This illustrates the po
tential of renewable fuels to decrease GHG emissions below the BEV 
level, even in a future scenario where the electricity GHG intensity has 
dropped significantly. 

4. Discussion 

4.1. The potential of electrification 

The EC states that a 90% reduction in transport emissions is needed 
to achieve climate neutrality by 2050 [1]. Here, the potential of elec
trification to achieve this goal in the car segment of the transport sector 
is discussed. 

As seen in Fig. 3, the life cycle GHG emissions of the studied HEV are 
182 g/km. At 77 g/km with 2050 electricity, the BEV achieves a 58% 
reduction from the HEV level. Even considering that the HEV achieves 
20–28% fuel savings compared to a conventional vehicle [40], it is 
unlikely that a BEV powered by 2050 electricity will approach a 90% 
reduction in life-cycle GHG emissions compared to a conventional 
vehicle. 

Besides limited GHG reduction potential, it is questionable whether 
it is possible to achieve a 100% penetration of BEVs in the car fleet by 
2050. For example, assuming a BEV market share of 5% and a 15-year 
turnover time of the EU car fleet, only 5% of the 2035 car fleet would 
consist of BEVs. It is likely that falling prices and increased subsidies will 
increase the BEV market share from today’s level of about 2% [41], but 
even in the exceptional case of Norway (where a BEV effectively is less 
expensive to buy than a corresponding ICEV), about half the customers 
still choose to buy non-chargeable vehicles [42]. Even with costly in
centives and perhaps forcing measures to increase the BEV share in the 
EU fleet, it is likely to be a lengthy process. 

Another challenge for substantially increasing the BEV share of the 
fleet is that a global scale-up of BEV production will increase the supply 
risk of important battery minerals. Achieving a 30% global market share 
of electric vehicles by 2030 requires a tripling of the current global 
supply of lithium, more than a doubling of the cobalt supply, and an 
almost 50% increase of the nickel supply [42]. Switching 100% of to
day’s automotive production to BEVs based on state-of-the-art NMC 811 
batteries (requiring considerably less cobalt and manganese than cur
rent NMC 111 cathodes) would deplete the current known and 
economically exploitable land reserves of lithium, cobalt, nickel, and 
manganese within 2 to 33 years [20]. This estimate does not account for 

battery use in freight vehicles or indeed for any applications where these 
minerals are currently used. 

Apart from land resources, there are untapped resources of minerals 
in the deep oceans that may eventually be able to economically supply 
enough cobalt and other minerals for widespread automotive electrifi
cation [20]. Considering the amounts of minerals required, however, 
deep sea mining would have to be implemented on an immense scale. 
For example, extracting the cobalt required for a fully electrified global 
automotive industry from the richest sites would mean mining about 5 
000 square kilometers of seabed annually [20]. The associated ecolog
ical impact is a significant concern. Deep sea ecosystems, already under 
stress from climate change and its side effects, are characterized by slow 
reproduction and growth, making recovery from loss or damage difficult 
or even improbable over human timeframes. Apart from these ecosys
tems having value as a potential source of new pharmaceuticals, bio
materials, and other genetic resources, they contribute critical carbon 
sequestration, reducing GHG concentrations in the atmosphere [43]. 
While deep sea mining would enable full electrification of the automo
tive sector, it could be at the cost of potentially catastrophic effects on 
ocean ecosystems and subsequent carbon release. This would hardly be 
compatible with the European Green Deal’s strive to “increase the value 
given to protecting and restoring natural ecosystems” and “the sus
tainable use of resources” [1]. 

Recycling of minerals from scrapped batteries may offset the need for 
mining, but time is an important factor also here. The target lifetime for 
batteries in vehicles is 15 years [44]. After this, batteries typically 
maintain 80% of their capacity and they are therefore predicted to be 
used in second-life applications such as energy storage in an electric grid 
that has significant contributions from intermittent renewable sources. 
The delay between a global scale-up of BEV production and the time 
when substantial amounts of recycled battery minerals can become 
available in the market will thereby be significant. 

To minimize the sustainability issues of battery production for a 
large BEV fleet, policies should favor technologies that combine 
adequate vehicle range with small battery packs. One such technology is 
electric road systems (ERS), which enable vehicles to be charged while 
in motion. When fully implemented, ERS enable BEVs to operate with 
smaller batteries, as the battery is needed only when travelling off the 
ERS, e.g. into urban areas. Studies have shown ERS to be technically and 
economically feasible [45] but, as they require massive infrastructure 
investments, it is still an open question whether and when they will 
become available across the continent. Therefore, hybrid technology 
seems to be an appealing option for combining a small battery with 
range. As shown in this study, when combined with renewable fuels, 
hybrid technology can also reduce GHG emissions below the BEV level. 

A few caveats about the 2050 scenario should be mentioned before 
moving on. It should be noted that the 2050 electricity is only applied to 
the vehicle usage phase, as prediction of how vehicle production tech
nology evolves through 2050 is outside the scope of this study. The error 
bars of the battery production emissions do account for a span of elec
tricity mixes covering the 2050 mix, but only for Li-ion batteries. A 
widespread industrialization of alternative battery technologies before 
2050 may change the battery contribution. On the other hand, current 
vast investments in production capacity suggest that Li-ion batteries will 
remain dominant in the foreseeable future, and a potential technology 
shift is anyhow likely to occur over an extended time. It is also assumed 
that the vehicles have the same usage phase energy consumption in 
2050. Concerning the vehicle production emissions, they are weight- 
based (dominated by material production) and assumed to be substan
tially unaffected by the EU electricity mix. Moreover, a change in pro
duction emissions (e.g. due to increased use of lightweight materials) 
would be identical for all the studied vehicles. Thereby, it would not 
affect the relative comparison, except perhaps for reduced energy con
sumption in the usage phase, which would be more significant for the 
ICE vehicles. In summary, our 2050 projection should be seen as an 
illustration of how a predicted decrease in electricity GHG-intensity 
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Fig. 7. Fleet CO2 emissions as function of the share of BEVs using 2050 EU 
electricity. The lines are color coded as in Fig. 6. 
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affects the comparison between the vehicles in a Li-ion battery tech
nology scenario. 

4.2. The potential of renewable fuels 

In Figs. 2 and 3, it can be seen that fueling the HEV with HVO yields a 
74% reduction of the GHG emissions, i.e. a larger reduction than that 
offered by the BEV. The PHEV GHG emissions are comparable to those of 
the BEV when fueled with gasoline, regardless of the electricity mix, 
whereas renewable fuels reduce the PHEV emissions below those of the 
BEV, also in the 2050 electricity scenario. This means that renewable 
fuels can potentially accelerate the reduction of the car fleet’s GHG 
emissions in two ways. First, they can be used with immediate effect in 
the vast portion of the car fleet that is likely to remain non-chargeable 
during decades to come. Second, even when the GHG intensity of the 
electricity mix has dropped significantly from today’s levels, renewable 
fuels maintain their potential to reduce GHG emissions below the BEV 
level, provided that they can be produced in a long-term sustainable way 
and with continued low life cycle GHG emissions. 

A central question is therefore how large a share of the demand for 
transportation fuels can be supplied with sustainably produced renew
able fuels. The regulatory framework for this is set by the European 
Renewable Energy Directive (REDII) [9], according to which renewable 
fuels must be characterized by GHG emission savings of 65% (biofuels) 
and 70% (other fuels) from 2021. First-generation biofuels (based on 
food crops) are limited to 7% of the final energy demand in transport 
from 2020 [9]. This means that second-generation fuels with low carbon 
footprint are favored in REDII, which covers the time period to 2030. In 
a global perspective, the sustainable biomass potential mainly based on 
residues and forest biomass has been estimated to be two to three times 
higher than current use of biomass energy, i.e. 100 to 150 EJ per year 
compared with today’s use of approximately 50 EJ [10,17]. Biomass 
could then contribute up to roughly 20–25% of the total global energy 
supply by 2050. If, for example, one third of this biomass potential is 
utilized for biofuel production (and the remaining part is utilized for 
heat and power production), this would correspond to approximately 
one third of the current global use of transportation fuels. Today, the 
global use of biofuels amounts to some 3% [40]. 

Prognoses by the international energy agency (IEA) [46] and OECD- 
FAO (food and agriculture organization of the united nations) [47] show 
that the production and use of biofuels will increase during the coming 
years, that crop-based biofuels will represent the largest increase, and 
that this increased production will take place mainly outside of the EU. 
The supply of second-generation biofuels based on lignocellulosic 
biomass is estimated to be doubled within the coming five years, but still 
only represent a few per cent of the global biofuel volume [46]. HVO is 
estimated to be the individual second-generation biofuel that shows the 
fastest increase due to its technical and practical advantages as a drop-in 
fuel. The EU REDII target is that new advanced biofuels should supply 
3.5% of the total use of transportation fuels by 2030 [9]. In some 
countries, such as Sweden, the production and use of second-generation 
biofuels are, however, estimated to be much higher due to current na
tional policy tools which promote a rapid commercial development of 
forest residue-based biofuel production plants [48]. Today, the pro
duction costs of first-generation biofuels are often half of those of 
second-generation biofuels, but the cost reduction potential of second- 
generation biofuels is estimated to be substantial when a large-scale 
commercial production is developed [49]. Still, more efficient policy 
tools are needed on a global scale also taking into account the GHG 
performance to make second-generation biofuels competitive, thereby 
promoting such a large-scale commercial development. 

To conclude, the biomass feedstock potential for an increased pro
duction of biofuels on a global level is substantial. In a short-term 
perspective, the main increase in biofuel volumes will be in the form 
of first-generation biofuels outside of EU, but long-term policies target 
increased volumes of second-generation biofuels. To make second- 

generation biofuels more competitive, however, these policies need to 
be implemented with much more effective instruments than today. It is 
therefore not the availability of lignocellulosic feedstock, such as forest 
and agriculture residues, that limits the commercial development today, 
but commercial investments in production capacity. 

Renewable fuels are not limited to fuels sourced directly from 
biomass. They can also be synthesized from CO2 and water using 
renewable electricity to produce so-called electrofuels (e-fuels). The 
process is often referred to as power-to-gas/liquids and can be used to 
produce various energy carriers, e.g. methane, methanol, gasoline, and 
diesel. Together with hydrogen, e-fuels constitute a practical option for 
storing large quantities of electricity at high energy density and trans
porting it over long distances. The CO2 needed for e-fuel production can 
be captured directly from the atmosphere or from various point sources, 
including industrial processes. Interestingly, utilizing CO2 from biofuel 
production sites in this way may allow increased use of biofuels (see e.g. 
[50,51,52]). If e-fuels are produced from renewable electricity and 
biogenic carbon dioxide (so called biogenic carbon capture and utili
zation, bio-CCU), they can reduce GHG emissions by 95% compared to 
fossil fuels [53], i.e. more than HVO (see Table 1). Due to high pro
duction costs, e-fuels are currently significantly more expensive than 
their fossil counterparts, but the prices are predicted to approach that of 
fossil gasoline over the next couple of decades [15] and are affected by 
coming policy measures. 

A common argument against e-fuels is the limited overall energy 
efficiency in using electricity to produce hydrogen for synthesizing fuels, 
instead of using it directly to charge BEVs (see e.g. the literature review 
in [15]). In such comparisons, it is often forgotten that a power pro
duction system based on variable, renewable electricity sources have an 
inherent need for storing electricity during periods of high production. 
This is partly due to the need for so-called peak shaving, i.e. storing 
electricity when production exceeds the demand and restoring it to the 
grid when production fails to meet the demand. Another reason is that 
electricity prices tend to drop during periods of high production (e.g. 
during windy periods). Negative electricity prices have become more 
frequent e.g. in the German spot market as the capacity for renewable 
electricity production has increased [54]. Storing surplus electricity in 
the form of hydrogen is thereby a means for producers to maintain 
profitability in a renewable electricity system. Hydrogen production 
consumes electricity, reducing the excess supply to the grid and keeping 
electricity prices up. Hydrogen thereby becomes a cheaply produced 
commodity that, in turn, can be sold at a profit. 

In a scenario where such an energy storage system is in place, one can 
choose between converting the hydrogen into electricity or into an e- 
fuel. As liquid fuels can be produced from hydrogen at about 92% effi
ciency [53], the hydrogen-to-wheel efficiency for a HEV fueled with an 
e-fuel is comparable to that of a BEV charged with electricity produced 
from stored hydrogen (assuming thermal or electrochemical conversion 
of hydrogen to electricity at about 45% efficiency). If e-fuels are seen as 
a means for storing excess electricity, this is the relevant efficiency 
comparison to be made. 

The production potential for e-fuels is theoretically vast but is in 
practice limited by the supply of renewable electricity. Hansson et al. 
found that, if all the recoverable CO2 from point sources in Sweden were 
used to produce e-fuels, the yield would correspond to 2–3 times the 
current Swedish demand for transportation fuels, but the electricity 
required would correspond to about 3 times the current Swedish elec
tricity supply [18]. 

In summary, there is a large unexploited potential for sustainable 
production of renewable fuels, including biofuels and e-fuels. While 
these fuels are not likely to replace a major share of today’s demand for 
transportation fuels, they can contribute with a valuable part of the 
energy need for tomorrow’s automotive sector. E-fuels from bio-CCU are 
especially interesting in this context as they provide double services to 
the energy system: both as a storage medium for surplus renewable 
electricity and as an enabler for increased production of sustainable 
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biofuels. As various forms of electrification gradually reduce the demand 
for fuels, the supply gap will diminish over time. As discussed in the next 
subsection, PHEV technology could play an interesting role in this 
scenario. 

4.3. The potential of PHEVs 

The typical daily driving distance for most cars is short enough to be 
powered by a PHEV battery, which is typically one order of magnitude 
smaller than that of a BEV. This means that the major portion of a BEV’s 
battery is seldom used and, during most trips, effectively only adds 
weight to the vehicle. PHEVs are often considered to be a transitional 
technology on the path towards full electrification, but this study in
dicates that PHEVs may rather be an enabler for reaching the climate 
goals of the automotive sector. First, smaller battery packs enable a 
limited supply of battery minerals to electrify a larger fleet, allowing a 
greater number of fleet kilometers to be powered by electricity. Second, 
smaller battery packs significantly reduce each vehicle’s production 
phase GHG footprint. Third, if mainly driven in electric mode, a fleet of 
PHEVs could reduce the need for fuels to the point where it is possible to 
meet the demand with sustainably produced renewable fuels. Finally, 
reduced battery mass will translate directly into greater equivalent fuel 
economy. The main drawback of the PHEV is that it produces local 
emissions in the ICE mode (although these are today limited to ultra-low 
levels by state-of-the-art aftertreatment technology). On the other hand, 
these emissions are reduced at the same rate as the demand for fuel is 
reduced. If the PHEV is mainly used in electric mode in urban areas 
where many humans are exposed, these emissions will be significantly 
reduced compared to a HEV or a conventional ICEV. 

The extent to which PHEVs are actually driven in electric mode was 
investigated by Plötz et al. In a systematic overview of a sample of 
73,000 PHEVs in USA and Germany, they found a clear relationship 
between the average EDS and the vehicle’s electric range [55]. For the 
Niro’s electric range (47 km) the average EDS exceeded 50%, which 
would put its real world GHG emissions below that of a BEV, even when 
fueled with gasoline (see Fig. 4). At 60 km electric range, the study 
showed that a 75% EDS was reached. As seen in Fig. 5, this would put a 
gasoline-powered PHEV on par with the BEV when using 2050 elec
tricity. Switching from gasoline to HVO or an e-fuel would reduce the 
PHEV GHG emissions vastly below the BEV level at this EDS. 

This study indicates that electrification is not sufficient in itself to 
achieve a 90% reduction of the car fleet’s GHG emissions, even in a 
scenario when the GHG intensity of the electricity mix has been signif
icantly reduced from the current level. It also indicates that PHEV 
technology combined with renewable fuels has greater potential for 
GHG reduction than BEV technology. Several avenues should therefore 
be pursued in parallel to achieve a 90% GHG reduction: First, a drastic 
reduction of the grid GHG intensity is necessary to attain any substantial 
GHG benefits with electrification. Second, increasing the production of 
sustainable, renewable fuels has the potential to reduce GHG emissions 
beyond what is allowed by electrification alone. Lastly, reducing the 
demand for transport and transferring transport work from the car fleet 
to less energy-intense modes of transport, such as public transport, 
bicycling and walking, can contribute to reducing GHG emissions 
beyond the limits of automotive technology. 

4.4. Policy implications 

This study focuses on vehicles’ life cycle GHG emissions impact when 
using a combination of electrification and renewable fuels, and do not 
consider other types of tailpipe emissions from ICEVs. Examples of such 
emissions having a negative impact are nitrogen oxides, particulate 
matter and organic gases. Depending on the fuel used, gasoline or bio
fuels such as E85, these various emissions could both increase or 
decrease. For example, Ginnebaugh and Jacobson assessed the air 
quality impacts of using E85 instead of gasoline in an urban setting when 

fog is present and showed that E85 could slightly increase the ozone 
level and thereby smog formation depending on actual atmospheric 
conditions [56]. Therefore, the policy implications discussed below only 
cover policy tools focusing on climate impact. Further environmental 
systems studies should therefore also include other categories of emis
sions in addition to GHG emissions, both upstream and tailpipe 
emissions. 

The comparison in this study would look different when using the 
conventional method of carbon accounting. This is because the con
ventional method only attributes the TTW CO2 emissions to the trans
portation sector. The production and recycling emissions are normally 
attributed to the industry sector, and the emissions from producing the 
fuel and electricity are attributed to the energy sector. The imple
mentation of the EU RED has, however, expanded the system boundaries 
for biofuels used for road transport by also including the upstream GHG 
emissions from fuel production. This policy tool has thereby partly 
introduced the life-cycle perspective in carbon accounting in transport 
policies, but only regarding biofuels. As BEV technology displaces much 
of the carbon emissions upstream in the value chain and energy system 
as well as overseas (notably the emissions from producing the batteries), 
its emissions would seem to approach zero in such an analysis. There is 
thus an obvious discrepancy regarding system boundaries in the carbon 
accounting of current transportation policies. 

It can be argued that the current method of carbon accounting is 
relevant for a car fleet consisting of ICEVs fueled with fossil fuels, where 
the usage phase is the dominant contributor to the GHG emissions. Even 
though the TTW perspective underestimates the GWP of such vehicles, it 
provides a means for relevant relative comparisons. This is not the case 
when different vehicle types are compared, since variation in both usage 
and production phase emissions may strongly affect the life cycle 
emissions of a vehicle. This limited study only compares three power
train options and demonstrates that current policy instruments fail to 
favor the most effective GHG reduction technology. As further tech
nologies enter the market, for instance fuel cell electric vehicles and 
ERS, a policy that ignores all GHG sources besides the TTW contribution 
will have increasing difficulties to effectively minimize the automotive 
sector’s climate impact. 

Policy instruments that focus on indirect metrics (e.g. BEV sales) 
rather than direct metrics (e.g. the climate impact of the vehicle fleet) 
risk becoming ineffective or even counterproductive. For example, a 
recent study found that the US policy instruments favoring sales of 
alternative fuel vehicles (including zero emission vehicles) resulted in 
each alternative vehicle increasing the fleet level GHG emissions by up 
to 60 tons of CO2 [57]. The risk for such unexpected effects is likely to 
increase with increasing complexity in the mix of available vehicle 
technologies. To effectively minimize the automotive sector’s climate 
impact, policy instruments should therefore adopt a life cycle perspec
tive on GHG emissions and be technology neutral. 

This study also demonstrates the urgent need to increase the supply 
of sustainably produced renewable fuels. A number of policy measures 
could promote such a development. Fossil fuels are still heavily subsi
dized in the EU [58]. A phase-out of these subsidies and increased CO2 
taxes on fossil fuels would improve the prospects for renewable alter
natives. Decreasing the CO2 taxes on renewable fuels in proportion to 
their GHG reduction potential would serve the same purpose. Reduced 
power taxes and surcharges for renewable hydrogen production would 
improve the prospects to economically supply e-fuels to the market. 
Finally, a targeted market introduction program for e-fuels and imple
mentation of more ambitious targets for advanced renewable fuels in the 
EU RED would provide the member states with valuable strategic goals. 

5. Conclusions 

The European Commission proposes revisions of the automotive CO2 
emission legislation by June 2021 “to ensure a clear pathway from 2025 
onwards towards zero-emission mobility” [1]. The current definition of 
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zero emissions poses an imminent risk that this pathway will lead to 
emissions that approach zero only on paper. 

This study finds that electrification in itself is unlikely to reduce the 
greenhouse gas emissions from the EU car fleet by 90% until 2050. A 
combination of electrification and renewable fuels, such as biofuels and 
e-fuels, is needed to approach climate neutrality in the automotive 
sector. By favoring electrification over renewable fuels, current policy 
instruments reduce the potential to reach this goal. 

Specifically, it is found that plug-in hybrid electric vehicles, rather 
than being viewed as transitional, can be seen as an enabling technology 
for meeting ambitious climate goals. This is because their moderately 
sized battery packs reduce production phase greenhouse gas emissions 
compared to battery-electric vehicles. They also enable a limited supply 
of battery minerals to electrify a larger fleet, reducing the sustainability 
concerns around extracting sufficient amounts of minerals for a large 
fleet of battery-electric vehicles. If mainly driven in electric mode, a fleet 
of plug-in hybrids also reduce the need for fuels to the point where it 
may be possible to meet the demand with sustainably produced 
renewable fuels that have low life cycle greenhouse gas emissions. 

Considering the slow rate at which the carbon intensity of the EU 
electricity mix is reduced, as well as the slow turnover rate of the car 
fleet, renewable fuels are a key element in meeting the climate goals of 
the automotive sector. This means that, apart from a technology-neutral, 
life-cycle based vehicle certification method, there is an urgent need for 
policy measures targeting an increased supply of sustainably produced 
renewable fuels. 
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