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Abstract
Purpose  This study compares the environmental impacts of transitioning from a business-as-usual (BaU) internal combus-
tion engine vehicles (ICEVs) pathway to one adopting battery electric vehicles (BEVs) in Qatar from 2022 to 2050. The 
analysis is based on geographically representative empirical data, focusing exclusively on the light-duty, personal vehicle 
sector. The research explores environmental performance trends, uncertainties, and potential implications of transitioning 
from ICEVs to BEVs within the Qatar National Vision (QNV) 2030 framework.
Methods  Utilising the ReCiPe method, this time-dynamic life cycle assessment (LCA) assessed a range of relevant environ-
mental impact categories: global warming potential, particulate matter, human toxicity, acidification and resource depletion. 
This analysis incorporates different light-duty vehicle (LDV) types such as sedans, sport utility vehicle (SUVs) and sport 
vehicles. The impacts of potential technological advancements, such as in fuel efficiency for ICEVs and charging electricity 
supply and/or battery technology for the BEVs, were included to provide a more encompassing view of the environmental 
implications of both vehicle types.
Results and discussion  Decreasing environmental impact for ICEVs and BEVs is observed, with BEVs’ greater potential 
in reducing Qatar’s transport sector’s carbon footprint. Uncertainties emerged as this potential decrease was not seen in all 
impact categories, nor vehicle technology or timeframe. This stresses the BEV’s transition importance of production location 
and energy sources. This was observed for the carbon footprint and overarching environmental impact of battery produc-
tion, exacerbated in regions reliant on fossil fuel electricity. Qatar, endowed with substantial fossil fuel reserves, relies on 
natural gas for electricity provision; therefore, the potential benefits of introducing BEVs are limited without strong shifts to 
renewables. Further research in vehicle production, disposal and technological advancements will prove essential, especially 
in a maturing sector like electric vehicle production and processing.
Conclusions  BEVs have the potential to reduce the environmental impacts of Qatar’s transport sector. Yet, the short payback 
period for newer BEVs is linked with the greenhouse gas intensity of electricity production, emphasising the dual challenge 
for Qatar with its reliance on fossil fuels. Considering environmental, economic and societal facets, a transition taking into 
account all facets of sustainability and not purely the introduction of BEVs is imperative in aligning with Qatar’s 2030 
sustainable vision.
Recommendations  A clear understanding of the socio-economic and environmental aspects of the ICEV-BEV transition 
is urgently required, emphasising production, disposal and technological innovations. Exploring alternative batteries and 
recycling methods can offer pathways to mitigate environmental concerns associated with BEVs. Regions like Qatar are 
underrepresented in the available literature, yet should be part of the research on sustainable transitions to provide insights 
on the opportunity and co-benefits that arise from the development of relevant sustainability transition planning.
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1  Introduction

While the transition towards more sustainable transpor-
tation presents a promising path forward, its feasibility 
and effectiveness vary across different regions, production 
chains and technologies. This variability necessitates an 
examination that covers the complete life cycle of trans-
portation technologies, considering the associated broader 
implications. Such an analysis is crucial to understand the 
diverse challenges and opportunities inherent in sustain-
able transportation transitions. The transportation sector is 
as an essential part of the overarching transition, represent-
ing 23% of global energy-related CO2 emissions in 2019. 
The IPCC makes clear that there is significant urgency in 
moving away from fossil fuel internal combustion engine 
vehicles (ICEV) (IPCC 2022). Electric vehicles or battery-
operated electric vehicles (BEV) are often put forward as 
the low-carbon alternative to ICEV.

The global momentum towards BEV adoption is not 
solely driven by environmental imperatives. Economic, 
geopolitical and human health factors can be synergistic 
or antagonistic to a diminishing reliance on fossil fuels 
(Nandanpawar 2017; Costa et al. 2021). Yet, to accomplish 
this transition as a part of sustainable transportation, the 
complete value chain has to be in line with this goal. BEVs 
have zero tailpipe emissions. However, the narrative sur-
rounding BEVs is multifaceted. While zero tailpipe emis-
sions lead to local pollution reductions and reduced fossil 
fuel consumption and GHG emissions, it is crucial to take 
all aspects into account, covering both the strengths and 
weaknesses of the ICEV and BEV from multiple environ-
mental impact assessments.

Qatar seeks to reduce its carbon impact by introducing a 
BEV adoption strategy, specifically for its personal, light-
duty vehicle (LDV) transport fleet. Kahramaa launched the 
National Program for Energy Conservation and Efficient 
Used in 2018 as the official start of the “Electric Car Charg-
ing Stations Project – Phase 1” and the “Green Car Initia-
tive” (Qatar General Electricity & Water Corporation (KAH-
RAMAA) 2018). It aims to set up 400 charging stations in 
Qatar by 2022, inspiring the use of BEV and leading the way 
to transform 4% of Qatar’s vehicle fleet into BEVs by 2022 
and 10% by 2030 (Kumar 2019). Major urban centres that 
are especially grappling with the challenges of transporta-
tion and pollution are expected to benefit immensely from 
widespread BEV adoption (Ellingsen et al. 2014; Pipitone 
et al. 2021; Rajagopal et al. 2022). Nonetheless, there are 
overarching concerns, particularly the environmental ramifi-
cations of battery production, the ethical considerations sur-
rounding mineral extraction for batteries and the long-term 
challenges associated with battery recycling and disposal 
(Raugei and Winfield 2019; Hao et al. 2019).

BEVs are expected to have an advantage in energy effi-
ciency, but the definition should be clearly stated, espe-
cially if previous definitions (such as the well-to-wheel 
(WTW) energy efficiency) are not as straightforward in the 
ICEV-BEV comparison (Albatayneh et al. 2020). There-
fore, when comparing ICEV to BEV, the power source has 
to be further documented as coal or renewables determine 
whether the WTW energy efficiency remains respectively 
on par with ICEV (BEV + coal) or increases significantly 
in the case renewable energy sources are used (40–70% for 
BEV + renewables) (Albatayneh et al. 2020).

Even though there are many similarities between 
BEVs and ICEVs, the underlying characteristics can dif-
fer widely. Therefore, comparing BEV and ICEV systems 
should be done with a holistic understanding of these com-
plexities. This necessitates a rigorous life cycle assessment 
(LCA) from which life cycle phases can be encompassed. 
LCA can thus offer insights into the environmental foot-
print of both BEV and ICEV, going beyond a simplified 
and often political messages on the comparison between 
BEV and ICEV options.

The aim of this study is to integrate locally relevant 
data which has not been reported widely in the literature 
or in comparable studies for Qatar. Fuel consumption of 
LDV vehicles was derived from the Qatari Ministry of 
Interior (MoI) while omitting diesel personal vehicles as 
this fraction is negligible compared to the overall fleet 
(Kamal et al. 2020). Second-life use of the battery pack 
at the end-of-life of the vehicle is not considered because 
of the current low maturity of this sector and the unavail-
ability of data. Recycling of other vehicle components is 
considered standard practice around the world as this sec-
tor is well established, and components such as steel or 
copper are highly recyclable.

While many studies have ventured into specific facets of 
this comparison, truly comprehensive and global perspec-
tives remain sparse due to the underlying complexities of 
detail and data availability (Moro and Helmers 2017; Her-
nandez et al. 2017; Raugei and Winfield 2019; Bao et al. 
2021; Pulido-Sánchez et al. 2022). Additionally, exist-
ing research presents a notable gap in addressing Qatar’s 
unique vehicle situation, characterised by the country’s 
high reliance on fossil fuels and a vehicle fleet with a rela-
tively large share of SUVs and sports vehicles, a context 
different from regions frequently studied, such as the US, 
China, and Europe (Singh and Strømman 2013; Kawa-
moto et al. 2019; Franzo and Nasca 2020; Martins et al. 
2022; Milovanoff et al. 2022; Tamba et al. 2022). This 
paper seeks to bridge this knowledge gap by incorporating 
unique primary data from diverse and local sources, along 
with employing contemporary LCA methodologies. Such 
an approach allows for a detailed and relevant comparison 
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of BEV and ICEV in Qatar as the research covers the 
broader interplay of potential adoption pathways.

This comparative environmental analysis will focus on 
location-specific and time-dynamic aspects of ICEVs and 
BEVs in the 2022–2050 timeframe, in which future tech-
nology improvements are encompassed. The analysis will 
focus on the environmental impacts from different ICEV and 
BEV setups over this timeframe. From this analysis, specific 
impact categories were selected such as the carbon footprint 
and fossil resource scarcity. The goal of this work is to scru-
tinise both the environmental and supply chain implications 
of sourcing materials, especially those pivotal for battery 
production. The manufacturing phase, with its inherent and 
often critiqued carbon footprint, is taken into account. The 
operational phase of these vehicle options is examined via a 
break-even analysis, with a particular focus on the electric-
ity source and its environmental implications. Beyond these 
direct environmental impacts, this study provides a basis and 
framework for further research, the broader socio-economic 
ramifications of electrification and the sustainable transition 
of the transport sector. Through this paper, the aim of the 
authors is to support policymakers, industry stakeholders 
and the broader public with the insights necessary to make 
informed decisions in the realm of sustainable transportation 
transitioning.

2 � Methodology and data

2.1 � General goal and scope description

The primary objective of this research is to conduct an envi-
ronmental LCA (e-LCA) in which both time-dynamic and 
location-specific aspects are central to Qatar. In this analysis, 
an ICEV will be compared to a BEV over the timeframe 
2022 to 2050. To give insight into the technological innova-
tions over time, vehicles have been modelled for the years 
2022, 2030, 2040 and 2050.

In order to distinguish between the different means of 
transportation, the choice was made to go beyond broad 
averages or a single representation of the complete fleet. 
This research aims to reflect Qatar’s unique situation, focus-
ing and providing results for multiple passenger car options, 
ranging from LDV such as the classic sedan, sports vehicle 
and SUVs. Thus, it is possible to investigate the impacts 
related to these vehicle options as well as extrapolate the 
results on a fleet-wide level, in order to create the basis for 
a dynamic fleet analysis in future research. As Qatar is the 
focus, features and data components are aligned with their 
specific situation. The direction of sustainable transition as 
put forward by national plans is also taken into account.

A time-dynamic LCA, combining the prospective 
(2022–2050) angle with the standard LCA framework, 

consisting of four phases laid out by the ISO 14040/44 
guidelines (ISO:14040 2006) was carried out. The system 
boundaries are cradle-to-grave as shown in Fig. 1. To pro-
vide a comprehensive overview of the vehicle service life, 
both the fuel life cycle and vehicle life cycle are consid-
ered. With a cradle-to-grave approach, all stages from raw 
material extraction through to the end-of-life are encom-
passed in the life cycle boundaries. Specifically, this cov-
ers raw materials such as metals, plastics or minerals for 
the vehicles; batteries and fossil fuels for processes needed 
for manufacturing; maintenance and finally its end-of-life 
processing. As the ICEV and BEV scenarios are located 
in Qatar, both options are reliant on fossil fuels for their 
energy supply, ensuring the energy and fuel sourcing sche-
matic representation is valid in both cases. It should be noted 
that other geographies or locations could differ in their fuel 
life cycle description in case electricity could be generated 
from renewable sources. Background and proxy processes 
such as infrastructure, auxiliary inputs such as transmission 
and distribution of electricity or maintenance of the vehicles 
were taken from the Ecoinvent 3.8 database and the LCAs 
modelled in the SimaPro software. All processes or com-
ponents are considered state of the art for the basic static 
scenario with the starting point in 2022. The main reduction 
potentials of this paper comprise fuel economy, e.g. battery 
improvements and weight reduction. Possible future tech-
nologies such as carbon capture as well as widespread use 
of innovative battery technologies are acknowledged but are 
only described in the context of further research in order to 
focus on the time dynamic aspect for the Qatar geography, 
laying the basis for further fleet dynamic research.

The functional unit considered in this work is defined as 
1 km driven. This unit is used to measure and compare the 
environmental impacts of the vehicle technologies over an 
equivalent distance instead of an overall vehicle lifetime, 
which is subject to change and subject to external factors 
unrelated to the vehicle itself. The use of this functional unit 
aligns with standard practices in transportation LCAs, allow-
ing for the consistent comparison of both ICEVs and BEVs 
over a specified timeframe, integrating with the broader 
work on dynamic fleet impacts and changes. While this study 
focuses on light-duty vehicles, future work will expand this 
functional unit to incorporate heavy-duty vehicles. However, 
this specific paper is concerned with the operational perfor-
mance of LDVs in Qatar, influenced by improvements of the 
2020–2050 timeframe, aligned with the geographical and 
policy context of the study.

To compare and contrast the time-dynamic scenarios 
of interest in this e-LCA, the ReCiPe method (Huijbregts 
et al. 2017) was implemented, as it covers a wide array of 
midpoint categories as well as endpoint damage categories. 
To narrow down categories, the following categories of 
interest were chosen: global warming (cfr. climate change), 
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particulate matter, human toxicity, acidification and resource 
depletion. The results of all, including the non-focus catego-
ries, can be found in the Supplementary Information.

2.2 � LCI and model‑specific characteristics

Improvements in both ICEV and BEV fuel econ-
omy and technologies are modelled for the timeframe 
2022–2030–2040 and 2050. Various databases and studies 
use 150,000 km as a general driving lifetime for vehicles. 
Background materials and processes, such as vehicle main-
tenance was gathered from Ecoinvent. The modelling of the 
vehicles (sedan, sports vehicle and SUV) was based on the 
GREET model (Kelly and Winjobi 2020) and was checked 
with current technical sheets from vehicle manufacturers. 
In terms of vehicle weight, the 2022 starting point for the 
ICEV was determined to be almost 17% lighter than the 
BEV. The manufacturing and supply chains of ICEVs and 
BEVs are broadly seen as similar, aside from the drivetrain. 
Nonetheless, this only results in more engine components for 
the ICEV and added weight from the battery in BEV (Yang 
et al. 2021; Wells and Skeete 2022).

In Qatar, the annual vehicle kilometres travelled (VKT) 
is 26,330 km for passenger vehicles. This VKT is situated 
between the VKT for buses (18,645 km, 1 km/l of diesel) 
and transport or freight trucks (49,720 km, 3 km/l diesel) 

as reported by Al-Thani et al. (2020). According to the 
local information provider IHS Markit, the average age of 
an operational LDV increased from 11.8 to 12.1 years in 
2021 (IHS Markit 2019). Regarding changes in fuel econ-
omy (technology improvements), its impact is assumed to 
be mainly on lower fuel requirements per kilometre driven, 
and no additional links to lowering emissions are included as 
does increasing environmental standards of the vehicle itself. 
The environmental emission aspect is reflected in the fuel or 
vehicle itself, as increasing standards will result in cleaner 
burning and therefore an overall lowering of the emissions 
for the fuel. For BEVs, reduction in impacts will result from 
improvements in energy production, lower energy needs over 
time of the vehicle, lower vehicle weight and novel or more 
efficient vehicle technologies, e.g. battery efficiencies and 
different chemistries (Raja et al. 2021; Hossain et al. 2022; 
Kim et al. 2022; Forsythe et al. 2023).

For the current vehicle batteries, standard lithium man-
ganese oxide (LiMn2O4) batteries, also known as LMO or 
Li-ion batteries, were modelled. These had emerged as the 
preferred choice for electric vehicles, combining high power 
output and capacity with good thermal stability and thus 
are a safe option while operating in a wide range of tem-
peratures. LiMn2O4 batteries have a relatively long cycle 
life, which means they can be charged and discharged many 
times without significant degradation, crucial for BEVs as 

Fig. 1   Schematic representation of life cycle assessment (LCA) sys-
tem boundaries, covering cradle-to-grave stages for both internal 
combustion engine vehicles (ICEVs) and battery electric vehicles 

(BEVs). Following the GREET model, the boundaries include the 
complete vehicle and fuel cycles
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they require batteries that can last for many years of regular 
use, without high risk of degradation (W. Chen et al. 2019; 
X. Chen et al. 2012; S. Rangarajan et al. 2022). The mass of 
a BEV LDV is around 20% heavier than the ICEV alterna-
tive (Del Pero et al. 2018). The study focuses on the LMO 
battery chemistry for consistency and clarity in comparative 
analysis. While newer chemistries such as NMC, LFP and 
NCA are gaining prominence, the choice to focus on LMO 
was driven by its technological maturity and availability in 
the Ecoinvent database. The broader implications of other 
battery chemistries are part of ongoing research and future 
publications.

To model fuel economy improvement, data on fuel type 
and their improvement through history are compared to 
projections by the IEA and Global Fuel Economy Initia-
tive (GFEI). Data from FAHES was used to determine the 
fuel economy of the current Qatari fleet and was catego-
rised according to vehicle types: sedans, sports vehicles and 
SUVs. Following this classification, the “fuel economy” data 
from the U.S. Department of Energy (Office of Energy Effi-
ciency and Renewable Energy) was used to ascertain the 
fuel economies (U.S. Department of Energy and EPA (n.d)). 
Together with the historical improvements, both the IEA 
and the GFEI extrapolations on the expected fuel economy 
improvements of LDVs were derived. From the expected 
values and historical data, it is clear that deviations are seen 
in comparison to the reference scenario.

For BEVs, the rate of improvement and thus coupled 
reduction in weight of the vehicle’s operational infrastruc-
ture (cfr. battery pack) was assumed to mirror that reported 
in GFEI historical data—at 1.5%. This assumption has 
been made due to the absence of a universally accepted 

benchmark by global institutes. Fuel or energy economy 
projections were chosen to be comparable to ICEV improve-
ments as no specific data points are proposed by manufactur-
ers or any global institute such as the EPA. All ICEV-BEV 
fuel and energy economies are given in Table 1.

In Qatar, gasoline petroleum is used for LDVs while 
diesel fuel is used for both HDVs and buses. With fuel 
economy improving over the years, the direct emission 
factor should be assumed to be stable for all dynamic sce-
narios (2022–2050). The improvement in indirect emissions 
encompasses reduced impacts from petroleum extraction and 
higher environmental norms as put forward by the QNP. The 
complete emission factors for the ICEV and BEV models 
are given in Table 1.

Overall, the vehicle models used cover both ICEVs and 
BEVs in the dynamic timeframe 2022–2030–2040–2050. 
For both vehicle technologies, the full life cycle has been 
accounted for with the aforementioned characteristics. Spe-
cific components, such as the battery pack of the BEV, were 
modelled after cross-reference with the available Ecoinvent 
database and processes in which standard configurations 
are accessible. Where applicable, such as the sourcing of 
fossil fuels as well as electricity, geographically representa-
tive data and environmental standards were applied with the 
assumption that the sourcing of gasoline would develop to 
the highest standards currently in use by other nations. This 
was achieved by the implementation of the Ecoinvent data-
base as part of the SimaPro software. The intrinsic impacts 
of the electricity production were corroborated by experts 
active in the Qatar context.

It should be noted that for ICEVs, even though their oper-
ation and type-specific emission profile is different, it was 

Table 1   Emission factors, fuel efficiencies and energy consumption rates for the dynamic 2022–2050 model, ICEV-BEV (cradle-to-grave 
approach, including internal burning value of fossil fuels)

ICEV 2022 2030 2040 2050

Fuel Emission 
(kgCO2/l)

Vehicle fuel 
efficiency 
(km/l)

Fuel Emission 
(kgCO2/l)

Vehicle fuel 
efficiency 
(km/l)

Fuel Emission 
(kgCO2/l)

Vehicle fuel 
efficiency 
(km/l)

Fuel Emission 
(kgCO2/l)

Vehi-
cle fuel 
efficiency 
(km/l)

Sedan 2.855 12.14 2.827 13.69 2.697 16.36 2.539 23.43
SUV 2.855 6.67 2.828 7.52 2.697 8.01 2.539 10.56
Sports vehicle 2.855 10.91 2.828 12.30 2.697 10.30 2.539 16.29
BEV 2022 2030 2040 2050

Electricity 
emission (kg 
CO2/kWh)

Vehicle fuel 
efficiency 
(kWh/km)

Electricity 
emission (kg 
CO2/kWh)

Vehicle fuel 
efficiency 
(kWh/km)

Electricity 
emission (kg 
CO2/kWh)

Vehicle fuel 
efficiency 
(kWh/km)

Electricity 
emission (kg 
CO2/kWh)

Vehicle 
fuel effi-
ciency 
(kWh/
km)

Sedan 0.539 6.25 0.478 7.04 0.478 8.20 0.478 9.52
SUV 0.539 5.00 0.478 5.65 0.478 6.58 0.478 7.63
Sports vehicle 0.539 4.55 0.478 5.13 0.478 5.95 0.478 8.74
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assumed that all vehicles use the same type of gasoline. This 
way, a difference can be made between the fuel economy 
changing over time, the impacts related to the fuel inher-
ently as well as the intrinsic emission profile based on the 
vehicle type. As fuel supply and distribution in Qatar are 
centralised across vehicle types, this assumption reflects the 
homogeneity of the gasoline infrastructure in the country, 
where different vehicle categories (sedans, SUVs and sports 
vehicles) are supplied with the same grade of gasoline, lead-
ing to consistent fuel-related emissions.

Similarly, the electricity used for charging of the BEVs 
was assumed to come from the central low-voltage national 
grid, powered by natural gas. Since all BEVs rely on the 
Qatari grid and the main difference between vehicle options 
is the efficiency and energy demand, this assumption high-
lights the greater consistency in the emission calculations 
across different BEV models. The intrinsic impacts of elec-
tricity production were corroborated by experts familiar with 
Qatar’s energy sector, reflecting a natural gas powered grid 
for the 2020–2050 timeframe.

3 � Results and discussion

3.1 � ICEV comparison

As a first step in the ICEV-BEV comparison, both vehicle 
technologies are described separately to get an overview 
of the underlying differences. The opportunity here is to 
check specifically which vehicle or technology is the bet-
ter option, locate internal hotspots, identify improvement 
options and identify what the main takeaways for each vehi-
cle and timeframe. For the ICEV comparison, specifically 
the LDV fraction made up of sedans, sports vehicles and 
SUVs, all subcategories were calculated for the timeframes 
2022–2030–2040–2050. For the overview of all vehicles, 
timeframes and impact categories, refer to the Supplemen-
tary Information.

Firstly, from the results of the ICEV sedan 2022–2050 
scenario, even with the reported reduction in emissions from 
fuel and efficiency improvements, the sedan cannot reach 

its target of climate neutrality by 2050 (Table 2). Even with 
optimistic fuel efficiency projections, without the help of 
carbon mitigation strategies, the inherent reliance on fossil 
fuels is the main bottleneck. Aside from the carbon foot-
print, the main improvements are in fine particulate matter, 
acidification and fossil resource depletion, with the latter 
mainly due to a large improvement in motor efficiency. For 
the ICEV sedan in 2022, 72% of its carbon footprint is due 
to the use phase. For this scenario, the impact related to 
the production of the motor materials is only around 3% of 
the overall carbon footprint and 2.3% of the fossil resource 
scarcity. The indirect emissions related to gasoline use are 
responsible for over 15% of the overall GWP with fossil 
resource scarcity naturally being dominated by gasoline 
exploration at 83%. In 2050, as lowering fuel demand does 
not completely fall to zero, the use phase is still responsible 
for 68% of the carbon footprint with 56% of resource scar-
city being due to gasoline exploration. In order to decrease 
mineral resource scarcity, as well as the toxicity parameters, 
other aspects of the ICEV would have to be tackled.

The calculation was repeated for the SUV and sports 
vehicle, as Qatar has a high fleet share compared to other 
countries. From this analysis, in line with what was found for 
the ICEV sedan, the carbon footprint reduces with improve-
ments in fuel economy. Yet, the use phase is still dominant 
in the carbon footprint and fossil resource scarcity due to the 
nature of fuel exploration. For both the SUV and sports vehi-
cle, the GWP remains higher than a small LDV sedan, result-
ing in every SUV equalling 1.5 sedans. Overall, significant 
reductions in impacts could only be seen in fossil resource 
scarcity, particulate matter and acidification. The GWP for 
all timeframes and vehicle types states clearly that none of 
the LDV types can achieve decarbonisation or overall low-
carbon targets without additional implementations. It has to 
be noted that, due to the inconsistency and variability in fuel 
efficiency projections, together with the increase of SUV and 
sports vehicle sizes, even though efficiencies increase and 
standards become better, a small uptick in impacts can be 
noticed between the 2030 and 2040 scenario. This reversal 
is nonetheless not an issue for the overall interpretation of 
the dynamic scenarios, as this has been established by many 

Table 2   Impact assessment 
ICEV sedan 2022–2050, 
impacts per km travelled

Impact category Unit ICEV LDV 
sedan 2022

ICEV LDV 
sedan 2030

ICEV LDV 
sedan 2040

ICEV LDV 
sedan 2050

Global warming kg CO2 eq 2.34E − 01 2.11E − 01 1.87E − 01 1.63E − 01
Fine particulate matter formation kg PM2.5 eq 2.27E − 04 2.09E − 04 1.64E − 04 1.29E − 04
Terrestrial acidification kg SO2 eq 5.49E − 04 4.97E − 04 3.62E − 04 2.58E − 04
Human carcinogenic toxicity kg 1,4-DCB 1.22E − 02 1.20E − 02 1.16E − 02 1.12E − 02
Human non-carcinogenic toxicity kg 1,4-DCB 1.47E − 01 1.44E − 01 1.38E − 01 1.33E − 01
Mineral resource scarcity kg Cu eq 7.89E − 04 7.80E − 04 7.48E − 04 7.24E − 04
Fossil resource scarcity kg oil eq 8.76E − 02 7.90E − 02 5.70E − 02 3.50E − 02
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authors and governments since the 1990s as the rebound 
effect, stating that through improvements and easier access, 
the overall impact still increases.

From the dynamic scenarios, with advances in fuel effi-
ciencies and lower direct fuel emissions, other characteris-
tics/life cycle stages become important. The production of 
the vehicle represents between 27 and 19% of the carbon 
footprint in 2050 (sedan and SUV resp.), up from 9 to 11% 
in 2022.

In order to focus on more than just sedan options, the 
SUV (ICEV) was further analysed to locate hotspots for this 
vehicle option over its lifetime. To distinguish from the base 
case, the 2040 dynamic case was chosen to give an inter-
mediate result. From this, it is clear that the use phase is 
dominant in the global warming impact category (67% of the 
relative impact share) while vehicle production is crucial for 
human toxicity and mineral resource scarcity impact catego-
ries. For the latter impacts, vehicle production of the 2040 
model would make up more than 70%. In case of impacts 
related to fossil resource scarcity, the exploration of fossil 
fuels is the main driver with over 80% of the impact results 
due to this, while around 50% of fine particulate matter and 
acidification impacts were due to the fossil fuel well-to-
wheel processes.

3.2 � BEV comparison

Similar to the ICEV, the BEV scenarios were calculated 
for the timeframe 2022–2050. It should be noted that the 
ICEV characteristics of this study are modelled along the 
GFEI projections, which are deemed optimistic while being 
unclear if these will be feasible in the long run. The results 
show that for the base case, in BEV LDV sedans (without 
a leap in battery and chemistry improvements, carbon cap-
ture or large advancements in efficiency), the main reduc-
tion is seen in fossil resource scarcity and global warming 
(Table 3). This is due to the electricity use, located cen-
trally as it is produced by natural gas, and the Qatari grid 
mix has no renewables. In line with this result, the SUV 
and sports vehicle also show that, without any additional 

improvements, fossil resource scarcity and global warming 
indicator impacts reduce.

It should be noted that differences between the sedan, 
sports vehicle and the SUV are relatively small with a maxi-
mum “premium” of just over 16% increase of the BEV SUV 
in relation to the sedan in 2022 and less than 5% difference 
between the sports vehicle and the SUV.

In the hotspot analysis for the BEV vehicle, the impacts 
resulting from the LDV sedan were further elaborated. From 
this, it was clear that battery production is the main factor. 
Impacts range from 32% for global warming to around 50% 
for mineral resource scarcity and acidification. Other com-
ponents of the BEV, such as the electric motor and the high 
amount of copper, do not reach more than 10% of the overall 
impacts and are thus relatively insignificant in comparison 
to the main battery and the reinforced steel of the vehicle.

Similarly to the ICEV SUV of 2040, the BEV version was 
further analysed for specific hotspots in its overall lifetime 
impacts. Almost 40% of the global warming impact (carbon 
footprint) is due to electricity (use phase). In comparison, 
the battery itself would contribute 15%, which is over its 
lifetime still a significant contribution. Other impact cat-
egories such as acidification and mineral resource scarcity 
remain mainly determined by the battery production and 
use as the overall use phase of the vehicle has relatively few 
other inputs. In regard to the fossil resource scarcity, as is 
the case for the carbon footprint, the electricity use is the 
main driver with up to 50% of all impacts related to it. As 
Qatar is expected to remain on the almost-100% natural gas 
electricity generation pathway, a large reduction in impacts 
is feasible if switched to renewable sources.

3.3 � ICEV‑BEV comparison

From the previous sections, it is clear that the direct tailpipe 
emissions from the ICEV are the dominant driver while the 
BEV was mostly impacted by car production, battery and 
repairs/changes over time. In line with available literature, 
the main potential of BEV seems to originate from low-
ering the carbon footprint due to a central and potentially 
optimised energy source. From this analysis, even with 

Table 3   Impact assessment 
BEV sedan 2022–2050, per 
functional unit

Impact category Unit ICEV LDV 
sedan 2022

ICEV LDV 
sedan 2030

ICEV LDV 
sedan 2040

ICEV LDV 
sedan 2050

Global warming kg CO2 eq 1.91E − 01 1.73E − 01 1.62E − 01 1.54E − 01
Fine particulate matter formation kg PM2.5 eq 3.13E − 04 3.08E − 04 3.05E − 04 3.03E − 04
Terrestrial acidification kg SO2 eq 7.35E − 04 7.23E − 04 7.15E − 04 7.08E − 04
Human carcinogenic toxicity kg 1,4-DCB 3.06E − 02 3.03E − 02 2.99E − 02 2.97E − 02
Human non-carcinogenic toxicity kg 1,4-DCB 8.40E − 01 8.30E − 01 8.20E − 01 8.14E − 01
Mineral resource scarcity kg Cu eq 3.56E − 03 3.52E − 03 3.49E − 03 3.46E − 03
Fossil resource scarcity kg oil eq 6.66E − 02 5.87E − 02 5.45E − 02 5.10E − 02



117The International Journal of Life Cycle Assessment (2025) 30:110–120	

current technologies, the BEV would be the better option 
over its complete lifetime. On the other hand, the BEV has 
the larger impact on mining and mineral resource-related 
impacts. Thus, the ICEV has some upsides which have to 
be weighed against its downsides.

Moreover, it should be noted that due to the higher weight 
and thus lower fuel economy, even with current electric-
ity production, the BEV would remain the better option in 
reducing greenhouse gas emissions and fossil resource scar-
city. However, mineral resources remain very high for the 
BEV, based on current battery technology and chemistries 
(Fig. 2).

The global warming potential or carbon footprint is a 
significant concern, and for this category, BEV SUVs dem-
onstrate a significant advantage with almost half the carbon 
footprint of their ICEV counterparts. This difference is pri-
marily due to the absence of direct tailpipe emissions and a 
more pronounced use phase impact due to the well-known 
higher fuel needs. Mineral resource scarcity is also a critical 
factor, particularly taking into account the rare earth met-
als connotated with battery production. Here, ICEVs cur-
rently have an advantage as they are less reliant on these 
scarce resources; however, ongoing research and develop-
ment in battery technology aim to reduce this dependence, 
potentially shifting this balance in the future. On the other 
hand, when considering fossil resource scarcity, BEVs are 
clearly the better option, as they do not rely on fossil fuels 
for operation. Only in the most optimistic 2050 scenario, 
including dramatic reductions in ICEV fuel needs, do the 
two technologies become comparable. This underscores the 
importance of continued research and innovation in vehicle 
technology, fuel efficiency and battery design to ensure a 
sustainable transition to low-emission vehicles.

3.4 � Alternative scenarios and break‑even analysis

The primary focus of the break-even analysis in this study 
is the carbon footprint, as this impact category is a high 
priority for many national climate and sustainability 
action plans yet also highly likely to change significantly 
over time with advancements in vehicle technology and 
shifts in energy production. In comparison, other impact 
categories are mainly driven by the battery production 
which will remain dominant in the BEV scenarios while 
fossil resource use will stay the dominant factor in the case 
of ICEV. Therefore, the break-even analysis was focused 
on the carbon footprint, omitting the other categories at 
this point. For this analysis, the break-even point refers 
to the moment when the cumulative carbon emissions 
of a BEV fall below those of an ICEV, considering both 
the production and use phases of the vehicles. The break-
even analysis accounts for the initial emissions associated 
with vehicle manufacturing (including battery production 
for BEVs, upfront burden) and continued operational 
emissions (gasoline consumption for ICEVs and electricity 
consumption for BEVs, burdens over time).

Therefore, the carbon break-even calculation is carried 
out by comparing the total cumulative emissions of each 
vehicle type over a dynamic number of kilometres driven. 
For each year under study (2022, 2030, 2040 and 2050), 
the cumulative carbon footprint of the BEV and ICEV is 
compared to identify the point where the BEV’s emissions 
become lower than those of the ICEV.

In terms of lifecycle assessment and specific break-even 
approaches, the inclusion of specific phase assumptions 
can introduce additional complexities, particularly due 
to the differences in recycling potential and material 

Fig. 2   ICEV-BEV comparison, SUV, per functional unit, ReCiPe method (%, relative impact comp. to max impact)
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recovery between ICEVs and BEVs. However, it should 
be underscored that, even without accounting for potential 
environmental gains during the end-of-life stage (e.g., 
battery recycling or reuse), BEVs can still reach a break-
even point where they outperform ICEVs in terms of carbon 
emissions. By focusing on this break-even calculation, the 
environmental benefits of BEVs during their operational 
lifetime are highlighted, while acknowledging that end-
of-life impacts will require further location-specific 
investigation.

For this analysis, at the start of the vehicle’s lifecycle, 
the ICEV has the lower initial carbon footprint, with 
approximately 8.2 CO2-eq tons compared to the BEV’s 
11 CO2-eq tons, resulting in the BEV having around 
34% higher emissions at the outset. However, during the 
operational phase, the BEV’s emissions per kilometre are 
significantly lower, amounting to about 82% of those of the 
ICEV per kilometre driven for this scenario. As a result of 
these operational efficiency gains, the BEV surpasses the 
ICEV in terms of environmental benefits after approximately 
75,000 km of use. This marks the break-even point where 
the cumulative emissions of the BEV fall below those 
of the ICEV, despite its higher initial impact. With the 
implemented VKT, this would amount to less than 3 years 
of vehicle use to fall below the ICEV carbon footprint. In 
our analysis, we observed that switching to a lighter BEV 
sourced from European components has potential to further 
lower the carbon footprint. This finding challenges the 
prevailing notion of BEVs’ environmental cost, particularly 
incorporating further advances down the line and the options 
of considering more specific component sourcing to reduce 
manufacturing impacts.

Looking at the proposed 2050 characteristics, the GFEI 
(Global Fuel Economy Initiative) targets would suggest 
a reversal of this break-even, for which ICEVs would 
theoretically be the better option and the BEV never breaks 
even. However, the feasibility of these targets is questioned 
by the authors, given the historical increase of ICEV fuel 
efficiency improvements and uncertainty if this trend can 
be maintained. The incremental gains required to meet 
the 2050 goals would imply a new and significant leap 
in technological advancement, which appears unlikely as 
the ICEV sector has a high degree of maturity and a long 
history of improvements by this point (Kwon 2006; Sivak 
and Tsimhoni 2009; Delgado et al. 2017). Furthermore, 
including hybrid vehicles to lower impacts and make 
those part of the GFEI targets distorts the benefit of such 
comparative analysis, as the actual improvements are made 
by the BEV part of the hybrid vehicle.

In the future, the role of battery chemistry will become 
an ever more critical factor. Current battery technologies 
vary widely in energy storage capacity, weight, charging 
speeds as well as practicality and safety characteristics. 

These directly influence vehicle performance, consumer 
acceptability and environmental impact as well as cost 
and lifetimes. With the markets yet to adopt new battery 
chemistries on a large scale, projections regarding their 
benefits remain speculative and environmental impacts are 
uncertain. Nonetheless, the potential for new chemistries 
warrants attention and investment in further research. In 
this study (the contemporary Li-ion technology battery), 
differences were mainly in the expected cycles and stability 
as well as the energy density. With more than 4000 cycles, 
prismatic lithium is more stable yet has a lower energy 
density of around 170 Wh/kg compared to the nickel-
manganese alternative (NMC811) with circa 275 Wh/kg 
yet is currently limited to only 2000 cycles.

Lastly, the reliance of Qatar’s electricity grid on natural 
gas is a significant contributor to the carbon footprint of 
electric vehicles. A hypothetical shift to renewable energy 
sources could dramatically alter this. Emissions from BEV 
can also be reduced from reducing usage, if the goal was 
to reduce the carbon footprint per kilometre by up to 50% 
(which is not unfeasible as many renewable energy sources 
reduce the carbon footprint by a factor of 10 compared to 
burning natural gas) (Marriott et al. 2010; Nicholson and 
Heath 2012). Then, this would bring the break-even point of 
BEVs down to just over 33,000 km or less than 1.5 years of 
use, which is significantly lower than the average duration of 
a conventional vehicle lease. This shift not only underscores 
the importance of energy sources in assessing vehicle 
impacts but also highlights the transformative potential of 
renewable energy in the automotive sector.

4 � Conclusion and recommendations

This study evaluated the potential environmental impacts 
and benefits of transitioning from ICEVs to BEVs in Qatar 
from 2022 to 2050. The findings indicate a general trend of 
decreasing environmental impacts for both vehicle types, 
attributed to anticipated technological advancements and 
improved energy efficiencies. Yet notably, BEVs consist-
ently demonstrate lower impacts in key categories such as 
global warming potential, fine particulate matter formation, 
terrestrial acidification and fossil resource scarcity. This 
challenges the perception that BEVs are environmentally 
inferior over their lifecycle.

However, BEVs exhibit higher impacts in categories like 
human carcinogenic toxicity, human non-carcinogenic toxic-
ity and mineral resource scarcity, mainly due to the substan-
tial mineral requirements related to its battery production. 
This inherent disadvantage does suggest that BEVs will con-
tinue to have higher impacts in these categories compared 
to ICEVs throughout the studied timeframe if not for drasti-
cally different battery chemistries.
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The carbon footprint break-even analysis reveals that 
newer BEVs achieve a significantly shorter payback period 
compared to ICEVs, especially with the introduction of 
higher standards and lighter vehicle designs. Additionally, 
integrating renewable energy sources into Qatar’s electric-
ity grid could reduce the BEVs’ environmental payback 
period to less than 1.5 years. This insight is crucial for 
policymakers and stakeholders, underscoring the envi-
ronmental benefits achievable through BEV adoption if 
coupled with cleaner energy sources.

In Qatar’s context, where electricity generation predom-
inantly relies on centralised natural gas infrastructure, the 
environmental benefits of BEVs could be hindered by the 
carbon intensity of the electricity used for charging. The 
environmental impact of battery production and electricity 
generation remains critical factors influencing the overall 
benefits of BEVs. Therefore, the transition to BEVs should 
be accompanied by efforts to decarbonise the electricity 
grid to maximise environmental gains.

Technological advancements hold the promise of 
reshaping the environmental profiles of both vehicle cat-
egories. Innovations in battery technology, including NMC 
and LFP chemistries, could reduce the environmental foot-
print of BEVs, while improvements in engine efficiency 
and alternative fuels could enhance the performance of 
ICEVs. As these new technologies develop and mature, 
future projections should be reevaluated to incorporate 
these developments, ensuring that policy decisions are 
based on the most current data.

In light of these findings, it is recommended that Qatar 
intensifies its efforts to promote the adoption of BEVs to 
reduce carbon emissions from light-duty vehicle transpor-
tation. This includes implementing purchase incentives to 
lower the initial cost of BEVs, establishing a comprehen-
sive network of charging infrastructure to improve the 
convenience of BEV ownership as well as investing in 
public awareness that address misconceptions about BEVs. 
Crucially, policies aimed at decarbonising the electricity 
grid through the integration of renewable energy sources 
should be pursued in tandem with the promotion of BEVs 
to fully realise their environmental benefits.
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