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Foreword

Understanding of the environmental impact of different fuels and drive
lines is important to reach the climate target for the transport sector. This
report analyses the total CO: equivalent emissions of a passenger car in
Sweden from a life cycle perspective. The results could be used for more
well informed decisions.

The results and conclusions of this project Climate impact of a passenger car in Sweden
has been conducted by Roger Gottleben, Adriana Tellez, Karina Puurunen and
Henna Poikolainen at AFRY Management Consulting Oy. The model used in the
analysis is developed by AFRY using only open-source data.

These are the results and conclusions of a project conducted by AFRY Management
Consulting OY on commission by Energiforsk, financed by Neste AB. The authors
are not responsible for the content towards any third parties.

All rights reserved. No part of this document may be reproduced in any form or by
any means without permission in writing from AFRY and Energiforsk.
Copyright © AFRY
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Summary

This report analyses the total CO:2 equivalent emissions of a passenger car in
Sweden from a life cycle perspective, using a model developed by AFRY from
open-source data. The goal of the study was to indicate quantitatively how selected
fuel types in the current Swedish market compare with each other in terms of
greenhouse gas (GHG) emissions, accounting all stages in the vehicle and fuel life
cycle, i.e. production of vehicles, use phase of 200 000 km and the vehicle end-of-
life. In addition to conventional fuels and electricity, biofuels and hydrogen were
included.

In Sweden, the climate footprint of a passenger vehicle ranges from 9 ton to 37 ton
of CO:z-eq (47 gram CO2-eq/km to 182 gram CO:z-eq/km) during its lifetime.
Biofuel, biogas and electricity powered vehicles can have three times lower climate
impact than the cars using conventional fuels. Electric cars have the lowest climate
impact of 9 ton of CO:z-eq (47 gram CO2-eq/km), closely followed by biofuel and
biogas. The highest climate impact results from using conventional gasoline as a
fuel, i.e. 37 ton of CO2-eq (182 gram CO2-eq/km).

In the use phase, electric cars fueled with Swedish electricity mix have the lowest
emissions of 0.6 ton of CO2-eq. However, the production phase of electric cars
contributes more significantly to the total GHG emissions than that of internal
combustion engine vehicles, due to the emissions related to battery production.

The diesel blend of reduction quota 2019 results in 27.6 ton of CO2-eq emissions
during the vehicle life cycle, which is 16% lower than that of 100% diesel. For the
reduction quota 2030, the diesel blend results in roughly half of the CO:2 emissions
compared to those of 100% diesel. The plug-in-hybrid with 50 km of electric range
results in roughly half of the GHG emissions during its life cycle compared to the
conventional gasoline.

The climate impact of hydrogen vehicles is higher compared to other alternatives
for conventional fuels due to the chosen hydrogen production pathway, which
utilizes natural gas as raw material, currently the most common technique. With
advanced production methods, e.g. electrolysis using low carbon electricity,
hydrogen could fall in the same range of GHG emissions as electricity or neat
biofuels.

The sensitivity analyses showed large variations of GHG emissions among the
same fuel type produced from different sources, which can be further strengthened
by assumptions on the production stage, e.g. the total CO2 emissions of a car
fuelled with HVO ranges from 11 ton of CO2-eq (HVO from animal fats ) to 21
ton of CO2-eq (HVO from rape seed).

The assumptions and limitations of publicly available sources used in the model
directly affect the results. Thus, when interpreting the results, getting acquainted
with the assumptions on the main sources is encouraged. Due to data scarcity,
sources with heterogeneous assumptions were accepted. Therefore, the results
should be interpreted as indicative.
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Utokad sammanfattning

Denna utdkade sammanfattning beskriver resultaten i foreliggande
rapport dar klimatpaverkan fran olika brinslen 6ver ett
passagerarfordons hela livscykel jamférs. Den inhemska
transportsektorn i Sverige, ej medriknat inhemskt flyg, behover reducera
sina utslapp med 70 % till 2030 jamfort med 2010 ars nivaer. For att
uppna detta dr en forstdelse for den totala klimatpaverkan som olika
brinslen och drivmedel har viktigt f6r bade konsumenter och
beslutsfattare for att skapa forstaelse och storsta mojliga
utslappsreduktion.

Energiforbrukningen i den svenska transportsektorn var 2017 88 TWh, varav
petroleumbrénslen stod for 75 % och biobranslen for 22 % av totalen.! For att visa
vilken utslappsreduktion som ar mojlig, jaimfor denna studie klimatpaverkan fran
en rad olika branslen 6ver en passagerarbils hela livslangd.? De branslen som
ingick i studien valdes pa grundval av att de dr de vanligast forekommande
bréanslena pa den svenska marknaden.

Oppet tillgangliga kallor har legat till grund for det modellerade resultatet.3
Bristande tillgdng till data ledde darmed till att kédllor med heterogena antaganden
och avgransningar inkluderades. De resultat som presenteras bor darmed tolkas
som indikativa.

Flertalet kdnslighetsanalyser genomfordes darfor for att illustrera betydelsen av
vissa antaganden och i vilken omfattning de paverkar slutresultatet. Till exempel
har rdvara for produktion och utformning av produktionsled en betydande
paverkan pa alla typer av brénsle, fran HVO till elektricitet. Genomgaende belyser
kéanslighetsanalysen variationer i utslappsnivaer inom samma brénsletyper
producerade fran olika ravaror, vilka ytterligare kan forstarkas genom antaganden
rorande produktionsledet.

STUDIENS RESULTAT

De modellerade utslappen av vaxthusgaser, under ett fordons hela livscykel,
resulterar i mellan 9 ton till 37 ton CO2-ekv antaget svenska forhallanden och
energimix.* Lagst klimatpaverkan har elektriska fordon tatt fljt av biobranslen och
biogas. For en 6versikt av ingdende branslen och resultaten av klimatpaverkan

1 Energy in Sweden, 2019

21 denna studie antas en bils livsldngd vara i 200 000 km. Livscykeln delas upp i fyra segment:
fordonsproduktion, anvandning (vilket inkluderar forbranningsavgaser samt produktion av
drivmedel), batteribyte for elbilar, och hantering vid livscykelns slut. Den bil som anvants for
modelleringen ar en standard sedan, C Segment, vilket ar den vanligast férekommande passagerarbilen
i Europa.

3] huvudsak anvandes framst tre kallor for datainsamling: JRC, EUCAR, CONCAWE, JEC, 2020;
Ellingsen et al. 2016; Emilsson & Dahllof, 2019.

* Enligt en rapport fran Energimyndigheten 2019 bestér den Svenska elmixen av 40 % vattenkraft, 39 %
karnkraft, 11 % vind and 10 % kraftvarme.
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over livscykeln se Figur 1. For en dversikt av utslapp uppdelat 6ver livscykeln var
god se Tabell 3 pa sidan 14.

Climate footprint of vehicle in Sweden using different fuels
[tonnes of CO2 equivalent]
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ANTAGANDEN OCH DESS PAVERKAN PA RESULTATEN

Under anviandningsfasen resulterar elbilen i absolut lagsta utslappsnivaer, 0,6 ton
CO»-ekv, med en svensk el-mix som brénsle. Da batteritillverkning resulterar i
hoga utslapp i relation till tillverkning av fordon med forbranningsmotor blir
slutresultatet over livscykeln 9,3 ton COz-ekv eller 47 gram COz-ekv/km, vilket dr
nagot lagre an motsvarande varden for HVO 100 baserat pa animaliska fetter (11
resp. 55)

Utslappens storlek for dessa tva alternativ ar beroende av hur brénslet produceras.
I denna studie har HVO modellerats med antagandet att animaliska fetter anvands
som ravara vid framstéllning av brénslet. Rapsolja som ravara ger nastan dubbelt
sa hoga utslapp, 21 ton COz-ekv, och leder till att HVO baserad pa rapsolja placeras
pa en attondeplats bland ingdende bréanslen.5> Om elbilen istéllet laddas med en
europeisk energimix resulterar elbilen i néstan 17 ton CO2-ekv och hamnar pa en
sjundeplats.

CBG/CNG (Compressed Bio Gas / Compressed Natural Gas) resulterar i den
svenska kontexten i hog emissionsreduktion som ett resultat av den stora mangd

5 Bransletypen i modelleringen dr baserad pé& uppskattade svenska medelvérden.

6 Energiforsk
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biogas som anvéands. I Sverige bestod 2017 CBG/CNG av 90% biogas (CBG), men
med 100 % naturgas (CNG) hade klimatpaverkan istéllet varit nara den av bensin
och hogre én konventionell diesel 6ver livscykeln.

JAMFORELSE MED TRADITIONELLA BRANSLEN

Aven med annan energimix &n den svenska och HVO producerat av raps
resulterar elbilen och 100% HVO i betydande utslappsreduktion i jamforelse med
traditionella fossila branslen. Jamfért med en bensindriven bil resulterar till och
med en hybrid, med 50 km rackvidd vid batteriframdrift, i ndstan hélften sa stor
klimatpaverkan over livscykeln.

Utblandning av diesel med biobrénsle enligt reduktionskvoten f6r 2019 resulterar i
16% lagre utslapp i jamforelse med 100% diesel. Nar reduktionskvoten for 2030
uppnas resulterar detta i ungefér halften sa stora utslapp som 100% diesel. For
bensin resulterar 2030 ars kvot i 23% lagre utslapp an 100% bensin.

VATGASENS ROLL

Pa den svenska marknaden har vatgasfordon relativt hog paverkan i jaimforelse
med andra brénslealternativ som ingick i studien, vilket beror pa de antaganden
som gjorts for produktion. I dagslaget ar det vanligast att naturgas (CNG) anvands
som ravara for vatgasproduktionen. I framtiden forvantas daremot paverkan bli
lagre och snarlik den for fullt batterielektriska fordon. Detta om teknologiska
framsteg uppnas och méjliggor effektiv vatgasproduktion med férnybar el genom
elektrolys. Daremot kunde inga priméardata for vatgasfordon aterfinnas i dagens
utvecklingsldage inom vatgas.
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1 Introduction

This report analyses the total CO:2 equivalent emissions of a passenger
car in Sweden from a life cycle perspective.

Environmental issues, climate change in particular, pose a significant pressure on
the ability of societies to meet human ends. The transport industry is trying to
develop more climate-friendly solutions with new vehicles and fuels entering the
market. In this changing environment, it is important for both consumers and
decision makers to understand the environmental impact of different fuels and
vehicles available to be able to make well-informed choices.

The goal of this study is to indicate quantitatively how selected fuel types in the
current Swedish market compare with each other in terms of greenhouse gas
(GHG) emissions, accounting all stages in the vehicle and fuel life cycle, i.e.
production of vehicles, use phase of 200 000 km and the vehicle end-of-life. In
addition to conventional fuels and electricity, biofuels and hydrogen are included
in this study. The emphasis has been to use only one main source per life cycle
phase, thus minimizing the inconsistency in the underlying assumptions.
However, as data available for the purposes of this analysis are limited, some
unavoidable variation between the assumptions of the studies exists. The
evaluation is limited to publicly available reports, thus the full transparency on the
background data used was not possible.

Based on the results, the climate footprint of a passenger vehicle ranges from 9 ton
to 37 ton of COz2-eq in Swedish conditions during the vehicle lifetime from
production to end-of-life treatment of the vehicle. Cars fueled with either neat
liquid biofuels, biogas or electricity are the most competitive in terms of the CO:
equivalent emissions during the vehicle lifetime, electric cars marking the lowest
climate impact with 9 ton of CO2-eq during the vehicle lifetime (47 gram of COz-eq
per km). The highest climate impact results from using conventional gasoline as a
fuel. The total lifetime emissions of a passenger vehicle fueled with conventional
gasoline are 37 ton of CO2-eq (182 gram of CO:z-eq per km).

Total energy use in the Swedish transport sector in 2017 was 88 TWh, of which
petroleum products accounted for 75% and biofuels for 22%?¢. To reduce
greenhouse gas emissions, Sweden implemented a GHG reduction regulation in
2018, which mandates biofuels in diesel and gasoline’. The domestic transport
sector (excluding aviation) is required to reduce GHG emissions by 70% by 2030
compared to 2010 levels. Other actions supporting the GHG reduction is for
example the bonus-malus system, which favors cars with CO2 emissions below a
certain level with a premium (bonus) and punishes cars above a certain CO:
emission threshold with an increased vehicle tax (malus)s.

¢ Energy in Sweden 2019
7 Regulation (2018:195) on the Reduction of Greenhouse Gas Emissions

8 Transportsektorns klimatmal, 2019


https://www.energimyndigheten.se/en/news/2019/energy-in-sweden--an-overview-2018-can-now-be-downloaded-from-the-swedish-energy-agencys-website.-the-overview-of-statistics-provides-easily-accessible-information-about-developments-in-the-energy-sector-in-sweden/
https://www.konj.se/download/18.db7893816ed591a4754c656/1575987447264/%C3%85rlig%20rapport%202019_kombinerad.pdf
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2  Scope and method

This study compares the climate impact of various fuel types during the life cycle
of a passenger vehicle in the current Swedish market. The life cycle of a vehicle is
assumed to be 200 000 km. The used vehicle is a standard sedan, "C segment" car,
e.g. Volkswagen Golf, as it is the most widespread European segment of passenger
vehicles.?

2.1 METHODOLOGY

The climate impact of a passenger car in Sweden is calculated by combining GHG
emission sources from various stages of the vehicle life cycle. The life cycle
emissions of a passenger vehicle are divided into three main segments: vehicle
production, use phase and end-of-life treatment. The use phase comprises exhaust
emissions and the production of fuels.

In selecting the literature sources, emphasis was put on minimising
methodological variation between fuel or car types (e.g. HVO vs. electricity) to
allow for comparison. However, some unavoidable variation in calculation
methodology between lifecycle stages (e.g. car production vs. vehicle use) occur
due to differences in the underlying assumption between sources.

The data used in the modelling are derived mainly from three sources:

e The emissions of the fuel production and vehicle use phases are based on the
JEC Well-To-Wheels Report v5 °

e The vehicle production and end-of-life (excluding battery) emissions are based
on the Ellingsen study 10

e The battery production emissions are based on the IVL study "

The data in these three studies include a number of countries and a wide range of
various fuels. Thus, a selection criteria for relevant fuels in Sweden had to be
established. The selection of the fuels for the analysis was based on the
"Komplettering till Kontrollstation 2019 for reduktionsplikten" report 12, which
estimates the average GHG emissions per fuel type in the Swedish market in 2019
based on the Swedish GHG reduction mandate. The selected fuels used in the
model is presented in Table 1. As the GHG emission range within each fuel
segment is wide, the results of other relevant fuels within each category are
compared in the sensitivity analysis part of this report.

9JRC, EUCAR, CONCAWE, JEC Well-to-Wheels Report Version 5 (2020)

10 Ellingsen, The size and range effect: Lifecycle greenhouse gas emissions of electric vehicles" (2016)
11TVL, Lithium-Ion Vehicle Battery Production (2019)

12 Komplettering till Kontrollstation 2019 for reduktionsplikten, (2019)

10


https://ec.europa.eu/jrc/en/publication/eur-scientific-and-technical-research-reports/well-wheels-report-version-4a-jec-well-wheels-analysis
https://www.researchgate.net/publication/301937291_The_size_and_range_effect_Lifecycle_greenhouse_gas_emissions_of_electric_vehicles
https://www.ivl.se/download/18.14d7b12e16e3c5c36271070/1574923989017/C444.pdf
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Table 1. Fuel selection. The chosen JEC values applied were selected to represent the Swedish averages for GHG
emissions

Total GHG emissions including combustion closest to Swedish average [gram
CO,-eq/ MJ]
Category Expected Swedish Value of the fuel chosen | Range of
average®? to represent Swedish relevant fuels
market in
JEC study®?
FAME 28.5 31.8 12 -60
HVO 12.0 17 11-60
Ethanol 26.0 23.5 17 - 82

What type of raw material is used in the production of HVO100 is important for
the GHG-value. Using only waste and residues, such as animal fats, gives a high
GHG reduction potential and is used for modelling purposes. In addition to HVO
based on the table 1 selection criteria, HVO mix of 2019 was added to the results.
That's the latest official statistics from the Swedish Energy Agency regarding the
share of different raw materials for production of HVO sold on the Swedish
market,

Swedish market fuels are blends and therefore an approach for converting the
volume basis to energy basis had to be established. The conversion was based on
the fuel properties described in the JEC study'.

For the production phase emissions of the batteries, a 2019 IVL study was chosen
to battery production. In the earlier studies, the production and end-of-life
emissions of the battery production per capacity unit were multiple times higher
than in the most recent estimates. On the other hand, battery capacities have
increased in the modern electric vehicles, thus offsetting the benefits of the lowered
CO:2 emissions per kWh of a battery produced. The battery sizes used in the model
are based on the 2015 vehicle specifications in the JEC report: 21 kWh for fully
electric and 10.5 kWh for plug-in hybrid. JEC defines only two alternatives for
electric vehicles, either 2015 or 2025+ specification. After comparing these two
alternatives, the 2015 was a better representative for the electric vehicle fleet in
Sweden. The battery production is assumed to use virgin materials, and the
batteries are not expected to have a second life in the presented results. The
estimated effect of a battery’s second life is presented in the sensitivity analysis
part of this study. The chosen GHG emission value for produced capacity of
battery in the model, 77 kg CO2-eq per kWh battery capacity, is in line with the IVL
report as well as the PEFCR (2018) report!e.

As the geographical scope of the JEC report is Europe, a method to evaluate the
Swedish electricity mix in the model was established. According to Swedish

13 JRC, EUCAR, CONCAWE, JEC Well-to-Tank report v5 (2020)
14 ER 2020:26, Drivmedel 2019 (2020)
15 JRC, EUCAR, CONCAWE, JEC Well-to-Wheels report v5 (2020)

16 PEFCR - Product Environmental Footprint Category Rules for High Specific Energy Rechargeable
Batteries for Mobile Applications (2018)

11


https://ec.europa.eu/environment/eussd/smgp/pdf/PEFCR_Batteries.pdf
https://ec.europa.eu/environment/eussd/smgp/pdf/PEFCR_Batteries.pdf
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Energy Agency’s report'” The Swedish electricity mix consists of 40% hydropower,
39% nuclear, 11% wind and 10% CHP. Based on Biograce's, Swedish electricity
produces 6.1 gram of CO:z-eq emissions per MJ. This figure was used to determine
the emissions of electric vehicles.

The production stage emissions of hydrogen vehicles are not included in the main
sources used. Thus, the production emissions of hydrogen vehicles are estimated
based on the LCA comparison study of BEV and PHEV' (2013). This study was
selected as it also contains production phase emissions of BEV and those results are
in agreement with the Ellingsen study that is used as one of the main sources for
the model. In addition, the end-of-life (EoL) emissions of hydrogen vehicles are
estimated based on the Ellingsen study?, (2016). However, as hydrogen fuel cell
vehicles are not commercially produced, the results rely heavily on simulation and
estimations. Based on these sources, the production and EoL emissions of
hydrogen vehicles are approximately 4% higher than that of the production of an
electric vehicle. In the model, all ICE vehicles are assumed to have similar
production and EoL emissions as the C-segment vehicle described in the Ellingsen
study.

2.2 ASSUMPTIONS AND LIMITATIONS

Multiple sources were used to cover all the inputs needed in the model for this
study. Due to limited data availability, some methodological variances between the
sources had to be accepted. Differences include varying functional units, temporal
scopes and different allocation methods. However, as the project’s purpose was to
give indicative qualitative results to serve rather as a pre-study, data selection
criteria were established as relatively low.

Table 2 highlights some of the most critical differences in assumptions between the
studies used as data sources in the model. The original studies refer to the
underlying assumptions in further detail.

17 Energy in Sweden 2019
18 Biograce, www.biograce.net

19 Comparison between hydrogen and electric vehicles by life cycle assessment: A case study in
Tuscany, Italy (2013)

20 Ellingsen, The size and range effect: Lifecycle greenhouse gas emissions of electric vehicles" (2016)

12


https://www.researchgate.net/publication/301937291_The_size_and_range_effect_Lifecycle_greenhouse_gas_emissions_of_electric_vehicles
https://www.researchgate.net/publication/301937291_The_size_and_range_effect_Lifecycle_greenhouse_gas_emissions_of_electric_vehicles
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Table 2. Overview of differences in assumptions between the main studies used as data sources in the model.

JEC 2020

Ellingsen 2016

IVL 2019

Use in the model
(Lifecycle stage)

Use phase impacts;
fuel combustion and
fuel production

Production and end-
of-life of vehicles
(excluding battery)

Production and end-
of-life of Li-ion
batteries

Technological scope

C-Class 5 seater
compact EU sedan

Multiple vehicle
types; small, medium,
large, luxury

Several different
battery packs

Functional unit

1 km of motion on
the NEDC cycle

ton of CO;,-eq

kWh of battery
capacity

Conversion of

Lifetime is 200 000

Functional unit used

Electric car battery

functional unit in the km NEDC cycles directly sizes based on JEC
model study
Geography Europe Germany Europe
Temporal scope 2015 Best available Best available
technology technology
Allocation method System No system Economic & mass allocation
expansion expansion
Other assumptions LULUC and ILUC
excluded

13
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3  Results

The results for the climate footprint of a passenger vehicle in Sweden are presented
in Figure 1 and Figure 2. The fuels chosen are representative of the current
Swedish market. The units are ton of CO:2 equivalent during the whole life cycle of
a passenger vehicle, which is assumed to be driven for 200 000 km. Results are also
shown in Table 3, which includes the units in gram CO2-eq/km.

Climate footprint of vehicle in Sweden using different fuels [tonnes
of CO2 equivalent]
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In terms of GHG emissions, the best available option is fully electric car, resulting
in total emissions of 9 ton of CO2-eq during the vehicle life cycle, followed closely
by 100% HVO fuelled car with 11 ton and CBG/CNG with 12 ton of CO2-eq. The
CBG/CNG fuel benefits from the high biogas (CBG) content of 90% in Sweden.

14 Energiforsk
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Climate footprint of vehicle in Sweden using different fuels [tonnes
o oncOreq of CO2 equivalent]

Gasoline (E5)

Diesel (B7)

30 Gasoline blend, reduction
quota 2030
Diesel blend, reduction
quota 2019
HVO30

25 Hydrogen

20
Flexifuel

Plug-in Hybrid

3 Diesel blend, reduction
quota 2030
HVO100, 2019 mix

CBG/CNG
HVO100

[ Fullyelectric

af

0

Distance driven (km) 50 000 100 000 150 000 200 000

For electric cars, the use stage emissions are the lowest due to the Swedish
electricity mix, which relies 90% on fossil free. However, based on the results, the
production phase emissions are higher than those of the internal combustion
engine vehicles, thus slightly offsetting the benefits of the lower carbon footprint
during the use phase of electric vehicles.

The diesel blend of reduction quota 2019 results in 27.6 ton of CO2-eq emissions,
which is 16% lower than that of 100% diesel. For the reduction quota to 2030, the
diesel blend results in 15.2 of CO:2 emissions, which is 54% lower than fossil diesel
on a well-to-wheels basis. When comparing the results of conventional gasoline to
plug-in-hybrids, the plug-in-hybrid with 50 km of electric range results in almost
60% less GHG emissions during the vehicle life cycle. Gasoline blend reduction
quota 2030 results in 24% lower emissions than 100% gasoline.

15 Energiforsk
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Table 3. Climate footprint of passenger vehicles in Sweden per lifecycle phase using different fuels.

(gram CO,-
(ton CO,-eq) eq/km)
Total Total
Productio lifetime emissions
n End-of- emissions gCo,-
Description Use life ton COz-eq | eq/km
Electric vehicle, 8.0 0.6 0.7 9.3 47
Swedish
electricity mix
HVO 100,100% | 5.4 5.0 0.6 11.0 55
HVO, animal
fats
CBG/CNG, 90 % 5.4 6.1 0.6 12.1 60
biogas, 10 %
natural gas
HVO 100, 100% 5.4 7.9 0.6 13.9 70
HVO, 2019 mix
Diesel blend, 5.4 9.2 0.6 15.2 76
reduction quota
2030
Plug-in-hybrid, 6.2 8.5 0.6 15.3 77
Swedish
electricity mix +
convl gasoline
(ES)
Flexifuel, 85 % 5.4 13.1 0.6 19.1 80
ethanol, 15 %
gasoline
Hydrogen, 8.4 15.8 0.6 24.8 124
natural gas on-
site reforming
HVO30, 5.4 20.1 0.6 26.6 133
70 % diesel, 30
% HVO
Diesel blend, 54 21.6 0.6 27.6 138
reduction quota
2019
Gasoline blend, 5.4 22.6 0.6 28.6 141
reduction quota
2030
Diesel (B7), 54 25.9 0.6 319 159
7 % FAME, 93 %
diesel
Diesel (BO) 5.4 27.0 0.6 33.0 165
Gasoline (E5), 54 30.6 0.6 36.6 182
95 % gasoline, 5
% ethanol
Gasoline (E0) 5.4 314 0.6 37.4 187
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Owing to the selected hydrogen production method based on natural gas
(CNG/LNGQG), the climate impact of hydrogen vehicles is higher compared to the
other alternatives for conventional fuels. With other production methods, such as
electrolysis using only low carbon footprint electricity, hydrogen has potential to
be one of the best fuels in terms of climate impact. This is described in further
detail in the sensitivity analysis.

3.1 SENSITIVITY ANALYSIS

The goal of the sensitivity analysis is to test different fuel types in the vehicle’s use
phase and provide further understanding about the differences in GHG emissions
within each fuel blend and the feedstock’s impact. Different possible fuels within
each fuel type were modelled to indicate quantitatively the range of variation in
GHG emissions within the fuel type, due to the blend and the fuel source.

The fuel sources or feedstocks and the production pathway of the feedstock and
the fuel have a large impact on the GHG emission savings of any type of fuel. The
CO:2 emissions data during the use phase are taken from JEC Well-to-Wheel
Analysis 21.

Figure 3 illustrates the effect of fuel feedstocks on CO2 emissions. Reduction in
CO2 equivalent emissions per feedstock type for HVO and gas are compared
against 100% conventional diesel. CO: reduction of HVOs range from 43% to 81%
when compared to conventional fossil diesel. Biogas CO2 reduction is 86%. Some
studied fuels, i.e. HVO100 rape seed, do not reach the minimum GHG savings,
60%, required by RED II 2. Thus, carbon intensity of a fuel is highly impacted by
the feedstock type.

21JRC, EUCAR, CONCAWE, Well-to-Wheels Report Version 5 (2020)
22 Renewable Energy Directive II (2018)
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CO2 equivalent reduction per feedstock type

100%
80%
60% oo omomomomosooo -enen e e
40%

20%

0% I
HVO100, Tallow oil HVO100, Rape seed CBG100, Municipal CNG100, Natural gas
waste

s Reduction-% [CO2eq] = e e» Greenhouse gas savings thresholds in RED II

Figure 4 shows the range of variation in GHG emissions between different types of
HVO. On the left, impact on GHG emissions of blending HVO to diesel is
visualized from 30% HVO to 100% HVO. On the right, HVOs from different raw
materials are compared.
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The difference between the best and worst case for 100% HVO is rather substantial,
the animal fats HVO resulting in 11 t of CO2-eq and the HVO based in rape seed
causing 21 t of CO2-eq during the vehicle life cycle (Figure 4).

Sensitivity analysis for HVO
t CO,-eq
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In Sweden during 2017, biogas had a share of 90% within the CBG/CNG based on
Energigas report %, resulting in low GHG emissions for CBG/CNG. 100% CNG
would cause a climate impact very close to that of conventional gasoline and
higher than that of conventional diesel during the vehicle life cycle (Figure 5).

Sensitivity analysis for CBG/CNG

t CO2-eq
35
30
25
20
15
10 I I I

5
0

CBG100 HVO100 CBG90 Diesel CNG100 CBG, CNG,

(B7) Municipal Natural
waste gas
Production of vehicle mUse (200000 km) m Vehicle End-of-Life

Figure 5. Sensitivity analysis for biogas (CBG) and natural gas (CNG). In Swedish market, CBG90 (90% of biogas
and 10% natural gas) is available. Yellow box indicates the results used in the main fuel comparison in Figure 1.

The use phase emissions of electric vehicles are very dependent on the electricity
generation method (Figure 6). CO: equivalent emissions from wind electricity are
so low that they are assumed to be negligible in the model, while the carbon heavy
EU electricity mix produces almost 17 t of CO2-eq. When comparing all scenarios
of electric and hydrogen vehicles, hydrogen as an energy carrier has potential to be
equally positioned in terms of GHG emissions compared to electricity. This would
require that the energy demand of hydrogen fuel production would be covered
with electricity generated with close to zero GHG emissions, e.g. electrolysis using
wind power.

23 Energigas, National Biogas Strategy 2.0 (2018)
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Sensitivity analysis
for electricity and hydrogen
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When comparing E5 gasoline to EQ gasoline and B7 diesel to BO diesel, the impact
of adding 5% ethanol to gasoline or 7% fame to diesel is rather marginal in terms of
GHG emissions during the vehicle lifetime (Figure 7.)

The main results do not take into account possible second life of batteries. Figure 8
illustrates the climate impact if the original electric car battery uses a recycled car
battery, assuming zero losses in regeneration of the battery. In this case, the
emissions of an electric vehicle would decrease by 1 ton of CO2-eq. Furthermore,
the main results assume the emissions related to battery production to be 77 kg
CO2/kWh. In IVL study, the range for battery production is 61-106 CO2-eq/kWh.
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Applying this range to the model would result in 8.9 — 9.9 tonnes of total CO2-eq
emissions..

Sensitivity analysis for conventional fuels

t CO,-eq
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Figure 7. Sensitivity analysis for conventional fuels. Yellow box indicates the results used in the main fuel
comparison in Figure 1.
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Sensitivity analysis for second life of batteries
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4 Discussion and conclusions

The goal of this work was to indicatively compare the greenhouse gas (GHG)
emissions of each fuel type in Sweden. Based on the results, biofuel, biogas and
electricity powered vehicles can have three times lower climate impact than the
cars using conventional fuels. If further recycling of materials and renewable
electricity mix in the vehicle production stages were assumed, the climate impact
could potentially be even lower.

The modelled results of GHG emissions during a vehicle’s full life cycle from the
production and use phases to the end-of-life treatment in the Swedish market
range from 9 to 37 ton of CO2-eq, or 47 to 182 gCO2eq/km, where electric and
100% HVO mark the lowest climate footprints. In use phase emissions, electricity
using Swedish electricity mix results in the lowest emissions with 0.6 t of CO:z-eq.
With electric vehicles, the production phase emissions have more significant
contribution to the total GHG emissions than with internal combustion engine
vehicles, due to emissions related to battery production.

The diesel blend of reduction quota 2019 results in 27.6 ton of CO2-eq emissions
during the vehicle life cycle, which is 16% lower than that of 100% diesel. For the
reduction quota to 2030, the diesel blend results in roughly half of the CO:
emissions compared to those of 100% diesel. The plug-in-hybrid with 50 km of
electric range results in roughly half of the GHG emissions during its life cycle
compared to the conventional gasoline.

The climate impact of hydrogen vehicles in the Swedish market is higher
compared to other alternatives for conventional fuels. The results derive from the
hydrogen production pathway selected for the model, which utilizes natural gas as
raw material, since it is the most commonly used production pathway for
hydrogen currently. With advanced production methods, e.g. electrolysis using
low carbon electricity, hydrogen has potential to be positioned in the same range of
GHG emissions with electricity or neat biofuels such as HVO100.

Fuel feedstocks and production pathways are found to have a major impact on the
GHG emissions of any type of fuel, from HVO to electricity. Throughout the
sensitivity analyses, large variations of GHG emissions are found among the same
type of fuel produced from different sources, and even these variations can be
enlarged by different production pathways. For example, in the modelled results,
the total CO2 emissions of a car fueled with HVO ranges from approx. 11 ton of
COz2-eq (HVO made from animal fats) to 21 ton of COz-eq (HVO made from rape
seed).

The results are an outcome of a model based on publicly available data sources and
other studies show similar results®* The assumptions and limitations of sources
used in the model directly affect the modelled results and therefore, for
interpreting the results, getting acquainted with the assumptions behind the
model’s main sources is encouraged. Due to data scarcity, sources with

24 From the well to the wheel (2019)
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heterogeneous assumptions were accepted and therefore, the modelled results
should be interpreted as indicative.
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6 Appendix

The HVO sensitivity analysis is shown in table format below, in which further
details are provided about the assumptions on the production pathway of each
HVO type.

Table 4 describes different HVOs used in the sensitivity analysis. The production
routes are described in further detail in JEC Well-to-Tank report.

Table 4. Sensitivity analysis for HVO [t of CO2-eq]

Description Production of Use Vehicle End-of- Total
vehicle (200000 km) Life
HV0100 5.4 5.0 0.6 11.0
HVOA45 B7 5.4 16.1 0.6 221
HVO35 B7 5.4 18.3 0.6 24.3
HVO30 5.4 20.6 0.6 26.6
HVO, animal fats | 5.4 5.0 0.6 11.0
HVO, Rape seed 5.4 154 0.6 21.4

Table 5 describes the modelled fuels in further detail. The modelled CBG is
municipal waste from closed digestate and the CNG is remote LNG, vaporised at
the import terminal.

Table 5. Sensitivity analysis CBG/CNG t of CO2-eq.

Description Production of Use Vehicle End-of- Total
vehicle (200 000 km) Life

CBG100 5.4 3.8 0.6 9.8
CBG90 5.4 6.1 0.6 121
CNG100 5.4 26.4 0.6 324
CBG, Municipal 5.4 3.8 0.6 9.8
waste

CNG, Naturalgas | 5.4 26.4 0.6 324
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Source of Production of Use Vehicle End-of- Total
electricity in use | vehicle (200000 km) Life
phase
Hydrogen, Wind | 8.4 14 0.6 10.4
electricity,
central
electrolysis
Electricity, Wind | 8.0 0.0 0.7 8.7
Electricity, 8.0 0.6 0.7 9.3
Swedish mix
Electricity, EU- 8.0 10.0 0.7 18.7
mix
Hydrogen, NG 8.4 15.8 0.6 24.8
4000 km, on-site
reforming
Hydrogen, Elec 8.4 24.4 0.6 33.4
EU-mix (MV),
on-site
electrolysis

Table 7. Sensitivity analysis for conventional fuels (t of CO2-eq).
Description Production of Use Vehicle End-of- Total

vehicle (200000 km) Life

Diesel, B7 5.4 25.9 0.6 31.9
Diesel, BO 5.4 27.0 0.6 33.0
Gasoline, E5 5.4 30.6 0.6 36.6
Gasoline, EO 5.4 31.4 0.6 37.4
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CLIMATE IMPACT OF A PASSENCER
CAR IN SWEDEN

This is a review of the total carbon dioxide equivalent emissions of a passenger
car in Sweden from a life cycle perspective, a so called Well-To-Wheel app-
roach, WtW including production and scrapping of the car.

The greenhouse gas emissions of each fuel type have been indicatively com-
pared. The goal was to indicate quantitatively how selected fuel types in the
current Swedish market compare with each other in terms of greenhouse gas,
GHG emissions, accounting all stages in the vehicle and fuel life cycle, i.e. pro-
duction of vehicles, use phase of 200 ooo km and the vehicle end-of-life. In
addition to conventional fuels and electricity, biofuels and hydrogen were in-

cluded.

The study shows that HVO1oo, biogas and battery electricity powered vehicles
can have three times lower climate impact than cars using conventional fuels.

The modelled results based on open source data of GHG emissions range
from g to 37 tons of carbon dioxide equivalent during a vehicle’s full life cycle
from production and use to the end-of-life treatment in the Swedish market.
The sensitivity analyses show large variations of GHG emissions among the
same fuel type produced from different in-feed sources, which can be further
strengthened by assumptions on the production stage.

The results are an outcome of a model based on publicly available open data
sources. The assumptions and limitations of sources used in the model directly
affect the modelled results and therefore, for interpreting the results, getting
acquainted with the assumptions behind the model’s main sources is encoura-
ged. Due to data scarcity, sources with heterogeneous assumptions were accep-
ted, and thus, the results should be interpreted as indicative.

Energiforsk is the Swedish Energy Research Centre - an industrially owned body
dedicated to meeting the common energy challenges faced by industries, authorities
and society. Our vision is to be hub of Swedish energy research and our mission is to
make the world of energy smarter!
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	Understanding of the environmental impact of different fuels and drive lines is important to reach the climate target for the transport sector. This report analyses the total CO2 equivalent emissions of a passenger car in Sweden from a life cycle perspective. The results could be used for more well informed decisions.
	The results and conclusions of this project Climate impact of a passenger car in Sweden has been conducted by Roger Gottleben, Adriana Tellez, Karina Puurunen and Henna Poikolainen at AFRY Management Consulting Oy. The model used in the analysis is developed by AFRY using only open-source data. 
	These are the results and conclusions of a project conducted by AFRY Management Consulting OY on commission by Energiforsk, financed by Neste AB. The authors are not responsible for the content towards any third parties.
	Denna utökade sammanfattning beskriver resultaten i föreliggande rapport där klimatpåverkan från olika bränslen över ett passagerarfordons hela livscykel jämförs. Den inhemska transportsektorn i Sverige, ej medräknat inhemskt flyg, behöver reducera sina utsläpp med 70 % till 2030 jämfört med 2010 års nivåer. För att uppnå detta är en förståelse för den totala klimatpåverkan som olika bränslen och drivmedel har viktigt för både konsumenter och beslutsfattare för att skapa förståelse och största möjliga utsläppsreduktion. 
	Energiförbrukningen i den svenska transportsektorn var 2017 88 TWh, varav petroleumbränslen stod för 75 % och biobränslen för 22 % av totalen. För att visa vilken utsläppsreduktion som är möjlig, jämför denna studie klimatpåverkan från en rad olika bränslen över en passagerarbils hela livslängd. De bränslen som ingick i studien valdes på grundval av att de är de vanligast förekommande bränslena på den svenska marknaden.
	Öppet tillgängliga källor har legat till grund för det modellerade resultatet. Bristande tillgång till data ledde därmed till att källor med heterogena antaganden och avgränsningar inkluderades. De resultat som presenteras bör därmed tolkas som indikativa.
	Flertalet känslighetsanalyser genomfördes därför för att illustrera betydelsen av vissa antaganden och i vilken omfattning de påverkar slutresultatet. Till exempel har råvara för produktion och utformning av produktionsled en betydande påverkan på alla typer av bränsle, från HVO till elektricitet. Genomgående belyser känslighetsanalysen variationer i utsläppsnivåer inom samma bränsletyper producerade från olika råvaror, vilka ytterligare kan förstärkas genom antaganden rörande produktionsledet. 
	STUDIENS RESULTAT
	De modellerade utsläppen av växthusgaser, under ett fordons hela livscykel, resulterar i mellan 9 ton till 37 ton CO2-ekv antaget svenska förhållanden och energimix. Lägst klimatpåverkan har elektriska fordon tätt följt av biobränslen och biogas. För en översikt av ingående bränslen och resultaten av klimatpåverkan över livscykeln se Figur 1. För en översikt av utsläpp uppdelat över livscykeln var god se Tabell 3 på sidan 14.
	ANTAGANDEN OCH DESS PÅVERKAN PÅ RESULTATEN
	Under användningsfasen resulterar elbilen i absolut lägsta utsläppsnivåer, 0,6 ton CO2-ekv, med en svensk el-mix som bränsle. Då batteritillverkning resulterar i höga utsläpp i relation till tillverkning av fordon med förbränningsmotor blir slutresultatet över livscykeln 9,3 ton CO2-ekv eller 47 gram CO2-ekv/km, vilket är något lägre än motsvarande värden för HVO 100 baserat på animaliska fetter (11 resp. 55)
	Utsläppens storlek för dessa två alternativ är beroende av hur bränslet produceras. I denna studie har HVO modellerats med antagandet att animaliska fetter används som råvara vid framställning av bränslet. Rapsolja som råvara ger nästan dubbelt så höga utsläpp, 21 ton CO2-ekv, och leder till att HVO baserad på rapsolja placeras på en åttondeplats bland ingående bränslen. Om elbilen istället laddas med en europeisk energimix resulterar elbilen i nästan 17 ton CO2-ekv och hamnar på en sjundeplats.
	JÄMFÖRELSE MED TRADITIONELLA BRÄNSLEN
	Även med annan energimix än den svenska och HVO producerat av raps resulterar elbilen och 100% HVO i betydande utsläppsreduktion i jämförelse med traditionella fossila bränslen. Jämfört med en bensindriven bil resulterar till och med en hybrid, med 50 km räckvidd vid batteriframdrift, i nästan hälften så stor klimatpåverkan över livscykeln.
	Utblandning av diesel med biobränsle enligt reduktionskvoten för 2019 resulterar i 16% lägre utsläpp i jämförelse med 100% diesel. När reduktionskvoten för 2030 uppnås resulterar detta i ungefär hälften så stora utsläpp som 100% diesel. För bensin resulterar 2030 års kvot i 23% lägre utsläpp än 100% bensin.
	VÄTGASENS ROLL
	På den svenska marknaden har vätgasfordon relativt hög påverkan i jämförelse med andra bränslealternativ som ingick i studien, vilket beror på de antaganden som gjorts för produktion. I dagsläget är det vanligast att naturgas (CNG) används som råvara för vätgasproduktionen. I framtiden förväntas däremot påverkan bli lägre och snarlik den för fullt batterielektriska fordon. Detta om teknologiska framsteg uppnås och möjliggör effektiv vätgasproduktion med förnybar el genom elektrolys. Däremot kunde inga primärdata för vätgasfordon återfinnas i dagens utvecklingsläge inom vätgas.
	1 Introduction
	This report analyses the total CO2 equivalent emissions of a passenger car in Sweden from a life cycle perspective.
	Based on the results, the climate footprint of a passenger vehicle ranges from 9 ton to 37 ton of CO2-eq in Swedish conditions during the vehicle lifetime from production to end-of-life treatment of the vehicle. Cars fueled with either neat liquid biofuels, biogas or electricity are the most competitive in terms of the CO2 equivalent emissions during the vehicle lifetime, electric cars marking the lowest climate impact with 9 ton of CO2-eq during the vehicle lifetime (47 gram of CO2-eq per km). The highest climate impact results from using conventional gasoline as a fuel. The total lifetime emissions of a passenger vehicle fueled with conventional gasoline are 37 ton of CO2-eq (182 gram of CO2-eq per km).
	Total energy use in the Swedish transport sector in 2017 was 88 TWh, of which petroleum products accounted for 75% and biofuels for 22%. To reduce greenhouse gas emissions, Sweden implemented a GHG reduction regulation in 2018, which mandates biofuels in diesel and gasoline. The domestic transport sector (excluding aviation) is required to reduce GHG emissions by 70% by 2030 compared to 2010 levels. Other actions supporting the GHG reduction is for example the bonus-malus system, which favors cars with CO2 emissions below a certain level with a premium (bonus) and punishes cars above a certain CO2 emission threshold with an increased vehicle tax (malus).
	2 Scope and method
	This study compares the climate impact of various fuel types during the life cycle of a passenger vehicle in the current Swedish market. The life cycle of a vehicle is assumed to be 200 000 km. The used vehicle is a standard sedan, "C segment" car, e.g. Volkswagen Golf, as it is the most widespread European segment of passenger vehicles.
	2.1 METHODOLOGY

	The climate impact of a passenger car in Sweden is calculated by combining GHG emission sources from various stages of the vehicle life cycle. The life cycle emissions of a passenger vehicle are divided into three main segments: vehicle production, use phase and end-of-life treatment. The use phase comprises exhaust emissions and the production of fuels.
	In selecting the literature sources, emphasis was put on minimising methodological variation between fuel or car types (e.g. HVO vs. electricity) to allow for comparison. However, some unavoidable variation in calculation methodology between lifecycle stages (e.g. car production vs. vehicle use) occur due to differences in the underlying assumption between sources.
	The data used in the modelling are derived mainly from three sources:
	 The emissions of the fuel production and vehicle use phases are based on the JEC Well-To-Wheels Report v5 9
	 The vehicle production and end-of-life (excluding battery) emissions are based on the Ellingsen study 
	 The battery production emissions are based on the IVL study 
	The data in these three studies include a number of countries and a wide range of various fuels. Thus, a selection criteria for relevant fuels in Sweden had to be established. The selection of the fuels for the analysis was based on the "Komplettering till Kontrollstation 2019 för reduktionsplikten" report , which estimates the average GHG emissions per fuel type in the Swedish market in 2019 based on the Swedish GHG reduction mandate. The selected fuels used in the model is presented in Table 1. As the GHG emission range within each fuel segment is wide, the results of other relevant fuels within each category are compared in the sensitivity analysis part of this report.
	Table 1. Fuel selection. The chosen JEC values applied were selected to represent the Swedish averages for GHG emissions
	What type of raw material is used in the production of HVO100 is important for the GHG-value. Using only waste and residues, such as animal fats, gives a high GHG reduction potential and is used for modelling purposes. In addition to HVO based on the table 1 selection criteria, HVO mix of 2019 was added to the results. That's the latest official statistics from the Swedish Energy Agency regarding the share of different raw materials for production of HVO sold on the Swedish market.
	Swedish market fuels are blends and therefore an approach for converting the volume basis to energy basis had to be established. The conversion was based on the fuel properties described in the JEC study.
	For the production phase emissions of the batteries, a 2019 IVL study was chosen to battery production. In the earlier studies, the production and end-of-life emissions of the battery production per capacity unit were multiple times higher than in the most recent estimates. On the other hand, battery capacities have increased in the modern electric vehicles, thus offsetting the benefits of the lowered CO2 emissions per kWh of a battery produced. The battery sizes used in the model are based on the 2015 vehicle specifications in the JEC report: 21 kWh for fully electric and 10.5 kWh for plug-in hybrid. JEC defines only two alternatives for electric vehicles, either 2015 or 2025+ specification. After comparing these two alternatives, the 2015 was a better representative for the electric vehicle fleet in Sweden. The battery production is assumed to use virgin materials, and the batteries are not expected to have a second life in the presented results. The estimated effect of a battery’s second life is presented in the sensitivity analysis part of this study. The chosen GHG emission value for produced capacity of battery in the model, 77 kg CO2-eq per kWh battery capacity, is in line with the IVL report as well as the PEFCR (2018) report.
	As the geographical scope of the JEC report is Europe, a method to evaluate the Swedish electricity mix in the model was established. According to Swedish Energy Agency’s report The Swedish electricity mix consists of 40% hydropower, 39% nuclear, 11% wind and 10% CHP. Based on Biograce, Swedish electricity produces 6.1 gram of CO2-eq emissions per MJ. This figure was used to determine the emissions of electric vehicles.
	The production stage emissions of hydrogen vehicles are not included in the main sources used. Thus, the production emissions of hydrogen vehicles are estimated based on the LCA comparison study of BEV and PHEV (2013). This study was selected as it also contains production phase emissions of BEV and those results are in agreement with the Ellingsen study that is used as one of the main sources for the model. In addition, the end-of-life (EoL) emissions of hydrogen vehicles are estimated based on the Ellingsen study, (2016). However, as hydrogen fuel cell vehicles are not commercially produced, the results rely heavily on simulation and estimations. Based on these sources, the production and EoL emissions of hydrogen vehicles are approximately 4% higher than that of the production of an electric vehicle. In the model, all ICE vehicles are assumed to have similar production and EoL emissions as the C-segment vehicle described in the Ellingsen study.
	2.2 ASSUMPTIONS AND LIMITATIONS

	Multiple sources were used to cover all the inputs needed in the model for this study. Due to limited data availability, some methodological variances between the sources had to be accepted. Differences include varying functional units, temporal scopes and different allocation methods. However, as the project’s purpose was to give indicative qualitative results to serve rather as a pre-study, data selection criteria were established as relatively low. 
	Table 2 highlights some of the most critical differences in assumptions between the studies used as data sources in the model. The original studies refer to the underlying assumptions in further detail. 
	Table 2. Overview of differences in assumptions between the main studies used as data sources in the model.
	3 Results
	In terms of GHG emissions, the best available option is fully electric car, resulting in total emissions of 9 ton of CO2-eq during the vehicle life cycle, followed closely by 100% HVO fuelled car with 11 ton and CBG/CNG with 12 ton of CO2-eq. The CBG/CNG fuel benefits from the high biogas (CBG) content of 90% in Sweden.
	For electric cars, the use stage emissions are the lowest due to the Swedish electricity mix, which relies 90% on fossil free. However, based on the results, the production phase emissions are higher than those of the internal combustion engine vehicles, thus slightly offsetting the benefits of the lower carbon footprint during the use phase of electric vehicles. 
	The diesel blend of reduction quota 2019 results in 27.6 ton of CO2-eq emissions, which is 16% lower than that of 100% diesel. For the reduction quota to 2030, the diesel blend results in 15.2 of CO2 emissions, which is 54% lower than fossil diesel on a well-to-wheels basis. When comparing the results of conventional gasoline to plug-in-hybrids, the plug-in-hybrid with 50 km of electric range results in almost 60% less GHG emissions during the vehicle life cycle. Gasoline blend reduction quota 2030 results in 24% lower emissions than 100% gasoline.
	Table 3. Climate footprint of passenger vehicles in Sweden per lifecycle phase using different fuels.
	Owing to the selected hydrogen production method based on natural gas (CNG/LNG), the climate impact of hydrogen vehicles is higher compared to the other alternatives for conventional fuels. With other production methods, such as electrolysis using only low carbon footprint electricity, hydrogen has potential to be one of the best fuels in terms of climate impact. This is described in further detail in the sensitivity analysis.
	3.1 SENSITIVITY ANALYSIS

	The goal of the sensitivity analysis is to test different fuel types in the vehicle’s use phase and provide further understanding about the differences in GHG emissions within each fuel blend and the feedstock’s impact. Different possible fuels within each fuel type were modelled to indicate quantitatively the range of variation in GHG emissions within the fuel type, due to the blend and the fuel source.
	The fuel sources or feedstocks and the production pathway of the feedstock and the fuel have a large impact on the GHG emission savings of any type of fuel. The CO2 emissions data during the use phase are taken from JEC Well-to-Wheel Analysis .
	Figure 4 shows the range of variation in GHG emissions between different types of HVO. On the left, impact on GHG emissions of blending HVO to diesel is visualized from 30% HVO to 100% HVO. On the right, HVOs from different raw materials are compared. 
	Figure 5. Sensitivity analysis for biogas (CBG) and natural gas (CNG). In Swedish market, CBG90 (90% of biogas and 10% natural gas) is available. Yellow box indicates the results used in the main fuel comparison in Figure 1.
	The use phase emissions of electric vehicles are very dependent on the electricity generation method (Figure 6). CO2 equivalent emissions from wind electricity are so low that they are assumed to be negligible in the model, while the carbon heavy EU electricity mix produces almost 17 t of CO2-eq. When comparing all scenarios of electric and hydrogen vehicles, hydrogen as an energy carrier has potential to be equally positioned in terms of GHG emissions compared to electricity. This would require that the energy demand of hydrogen fuel production would be covered with electricity generated with close to zero GHG emissions, e.g. electrolysis using wind power.
	When comparing E5 gasoline to E0 gasoline and B7 diesel to B0 diesel, the impact of adding 5% ethanol to gasoline or 7% fame to diesel is rather marginal in terms of GHG emissions during the vehicle lifetime (Figure 7.)  
	The main results do not take into account possible second life of batteries. Figure 8 illustrates the climate impact if the original electric car battery uses a recycled car battery, assuming zero losses in regeneration of the battery. In this case, the emissions of an electric vehicle would decrease by 1 ton of CO2-eq. Furthermore, the main results assume the emissions related to battery production to be 77 kg CO2/kWh. In IVL study, the range for battery production is 61-106 CO2-eq/kWh. Applying this range to the model would result in 8.9 – 9.9 tonnes of total CO2-eq emissions.. 
	4 Discussion and conclusions
	The goal of this work was to indicatively compare the greenhouse gas (GHG) emissions of each fuel type in Sweden. Based on the results, biofuel, biogas and electricity powered vehicles can have three times lower climate impact than the cars using conventional fuels. If further recycling of materials and renewable electricity mix in the vehicle production stages were assumed, the climate impact could potentially be even lower.
	The modelled results of GHG emissions during a vehicle’s full life cycle from the production and use phases to the end-of-life treatment in the Swedish market range from 9 to 37 ton of CO2-eq, or 47 to 182 gCO2-eq/km, where electric and 100% HVO mark the lowest climate footprints. In use phase emissions, electricity using Swedish electricity mix results in the lowest emissions with 0.6 t of CO2-eq. With electric vehicles, the production phase emissions have more significant contribution to the total GHG emissions than with internal combustion engine vehicles, due to emissions related to battery production.
	The diesel blend of reduction quota 2019 results in 27.6 ton of CO2-eq emissions during the vehicle life cycle, which is 16% lower than that of 100% diesel. For the reduction quota to 2030, the diesel blend results in roughly half of the CO2 emissions compared to those of 100% diesel. The plug-in-hybrid with 50 km of electric range results in roughly half of the GHG emissions during its life cycle compared to the conventional gasoline.
	The climate impact of hydrogen vehicles in the Swedish market is higher compared to other alternatives for conventional fuels. The results derive from the hydrogen production pathway selected for the model, which utilizes natural gas as raw material, since it is the most commonly used production pathway for hydrogen currently. With advanced production methods, e.g. electrolysis using low carbon electricity, hydrogen has potential to be positioned in the same range of GHG emissions with electricity or neat biofuels such as HVO100.
	Fuel feedstocks and production pathways are found to have a major impact on the GHG emissions of any type of fuel, from HVO to electricity. Throughout the sensitivity analyses, large variations of GHG emissions are found among the same type of fuel produced from different sources, and even these variations can be enlarged by different production pathways. For example, in the modelled results, the total CO2 emissions of a car fueled with HVO ranges from approx. 11 ton of CO2-eq (HVO made from animal fats) to 21 ton of CO2-eq (HVO made from rape seed).
	The results are an outcome of a model based on publicly available data sources and other studies show similar results The assumptions and limitations of sources used in the model directly affect the modelled results and therefore, for interpreting the results, getting acquainted with the assumptions behind the model’s main sources is encouraged. Due to data scarcity, sources with heterogeneous assumptions were accepted and therefore, the modelled results should be interpreted as indicative. 
	5 Bibliography
	6 Appendix
	The HVO sensitivity analysis is shown in table format below, in which further details are provided about the assumptions on the production pathway of each HVO type.
	Table 4 describes different HVOs used in the sensitivity analysis. The production routes are described in further detail in JEC Well-to-Tank report.
	Table 4. Sensitivity analysis for HVO [t of CO2-eq]
	Table 5 describes the modelled fuels in further detail. The modelled CBG is municipal waste from closed digestate and the CNG is remote LNG, vaporised at the import terminal. 
	Table 5. Sensitivity analysis CBG/CNG t of CO2-eq.
	Table 6. Sensitivity analysis for electricity and hydrogen (t of CO2-eq).
	Table 7. Sensitivity analysis for conventional fuels (t of CO2-eq).
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Summary

This report analyses the total CO2 equivalent emissions of a passenger car in Sweden from a life cycle perspective, using a model developed by AFRY from open-source data. The goal of the study was to indicate quantitatively how selected fuel types in the current Swedish market compare with each other in terms of greenhouse gas (GHG) emissions, accounting all stages in the vehicle and fuel life cycle, i.e. production of vehicles, use phase of 200 000 km and the vehicle end-of-life. In addition to conventional fuels and electricity, biofuels and hydrogen were included. 

In Sweden, the climate footprint of a passenger vehicle ranges from 9 ton to 37 ton of CO2-eq (47 gram CO2-eq/km to 182 gram CO2-eq/km) during its lifetime. Biofuel, biogas and electricity powered vehicles can have three times lower climate impact than the cars using conventional fuels. Electric cars have the lowest climate impact of 9 ton of CO2-eq (47 gram CO2-eq/km), closely followed by biofuel and biogas. The highest climate impact results from using conventional gasoline as a fuel, i.e. 37 ton of CO2-eq (182 gram CO2-eq/km).

In the use phase, electric cars fueled with Swedish electricity mix have the lowest emissions of 0.6 ton of CO2-eq. However, the production phase of electric cars contributes more significantly to the total GHG emissions than that of internal combustion engine vehicles, due to the emissions related to battery production.

The diesel blend of reduction quota 2019 results in 27.6 ton of CO2-eq emissions during the vehicle life cycle, which is 16% lower than that of 100% diesel. For the reduction quota 2030, the diesel blend results in roughly half of the CO2 emissions compared to those of 100% diesel. The plug-in-hybrid with 50 km of electric range results in roughly half of the GHG emissions during its life cycle compared to the conventional gasoline.

The climate impact of hydrogen vehicles is higher compared to other alternatives for conventional fuels due to the chosen hydrogen production pathway, which utilizes natural gas as raw material, currently the most common technique. With advanced production methods, e.g. electrolysis using low carbon electricity, hydrogen could fall in the same range of GHG emissions as electricity or neat biofuels. 

The sensitivity analyses showed large variations of GHG emissions among the same fuel type produced from different sources, which can be further strengthened by assumptions on the production stage, e.g. the total CO2 emissions of a car fuelled with HVO ranges from 11 ton of CO2-eq (HVO from animal fats     ) to 21 ton of CO2-eq (HVO from rape seed).

The assumptions and limitations of publicly available sources used in the model directly affect the results. Thus, when interpreting the results, getting acquainted with the assumptions on the main sources is encouraged. Due to data scarcity, sources with heterogeneous assumptions were accepted. Therefore, the results should be interpreted as indicative.
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Utökad sammanfattning

Denna utökade sammanfattning beskriver resultaten i föreliggande rapport där klimatpåverkan från olika bränslen över ett passagerarfordons hela livscykel jämförs. Den inhemska transportsektorn i Sverige, ej medräknat inhemskt flyg, behöver reducera sina utsläpp med 70 % till 2030 jämfört med 2010 års nivåer. För att uppnå detta är en förståelse för den totala klimatpåverkan som olika bränslen och drivmedel har viktigt för både konsumenter och beslutsfattare för att skapa förståelse och största möjliga utsläppsreduktion. 

Energiförbrukningen i den svenska transportsektorn var 2017 88 TWh, varav petroleumbränslen stod för 75 % och biobränslen för 22 % av totalen.[footnoteRef:1] För att visa vilken utsläppsreduktion som är möjlig, jämför denna studie klimatpåverkan från en rad olika bränslen över en passagerarbils hela livslängd.[footnoteRef:2] De bränslen som ingick i studien valdes på grundval av att de är de vanligast förekommande bränslena på den svenska marknaden. [1:  Energy in Sweden, 2019]  [2:  I denna studie antas en bils livslängd vara i 200 000 km. Livscykeln delas upp i fyra segment: fordonsproduktion, användning (vilket inkluderar förbränningsavgaser samt produktion av drivmedel), batteribyte för elbilar, och hantering vid livscykelns slut. Den bil som använts för modelleringen är en standard sedan, C Segment, vilket är den vanligast förekommande passagerarbilen i Europa.] 


Öppet tillgängliga källor har legat till grund för det modellerade resultatet.[footnoteRef:3] Bristande tillgång till data ledde därmed till att källor med heterogena antaganden och avgränsningar inkluderades. De resultat som presenteras bör därmed tolkas som indikativa. [3:  I huvudsak användes främst tre källor för datainsamling: JRC, EUCAR, CONCAWE, JEC, 2020; Ellingsen et al. 2016; Emilsson & Dahllöf, 2019.] 


Flertalet känslighetsanalyser genomfördes därför för att illustrera betydelsen av vissa antaganden och i vilken omfattning de påverkar slutresultatet. Till exempel har råvara för produktion och utformning av produktionsled en betydande påverkan på alla typer av bränsle, från HVO till elektricitet. Genomgående belyser känslighetsanalysen variationer i utsläppsnivåer inom samma bränsletyper producerade från olika råvaror, vilka ytterligare kan förstärkas genom antaganden rörande produktionsledet. 

STUDIENS RESULTAT

De modellerade utsläppen av växthusgaser, under ett fordons hela livscykel, resulterar i mellan 9 ton till 37 ton CO2-ekv antaget svenska förhållanden och energimix.[footnoteRef:4] Lägst klimatpåverkan har elektriska fordon tätt följt av biobränslen och biogas. För en översikt av ingående bränslen och resultaten av klimatpåverkan över livscykeln se Figur 1. För en översikt av utsläpp uppdelat över livscykeln var god se Tabell 3 på sidan 14. [4:  Enligt en rapport från Energimyndigheten 2019 består den Svenska elmixen av 40 % vattenkraft, 39 % kärnkraft, 11 % vind and 10 % kraftvärme.] 




[bookmark: _heading=h.gjdgxs]Figur  SEQ Figur \* ARABIC 1. Klimatpåverkan, mätt i ton CO2-ekv över en livslängd på 200 000km, av passagerarfordon, klass C, i Sverige.



ANTAGANDEN OCH DESS PÅVERKAN PÅ RESULTATEN

Under användningsfasen resulterar elbilen i absolut lägsta utsläppsnivåer, 0,6 ton CO2-ekv, med en svensk el-mix som bränsle. Då batteritillverkning resulterar i höga utsläpp i relation till tillverkning av fordon med förbränningsmotor blir slutresultatet över livscykeln 9,3 ton CO2-ekv eller 47 gram CO2-ekv/km, vilket är något lägre än motsvarande värden för HVO 100 baserat på animaliska fetter (11 resp. 55)

Utsläppens storlek för dessa två alternativ är beroende av hur bränslet produceras. I denna studie har HVO modellerats med antagandet att animaliska fetter används som råvara vid framställning av bränslet. Rapsolja som råvara ger nästan dubbelt så höga utsläpp, 21 ton CO2-ekv, och leder till att HVO baserad på rapsolja placeras på en åttondeplats bland ingående bränslen.[footnoteRef:5] Om elbilen istället laddas med en europeisk energimix resulterar elbilen i nästan 17 ton CO2-ekv och hamnar på en sjundeplats. [5:  Bränsletypen i modelleringen är baserad på uppskattade svenska medelvärden.] 


CBG/CNG (Compressed Bio Gas / Compressed Natural Gas) resulterar i den svenska kontexten i hög emissionsreduktion som ett resultat av den stora mängd biogas som används. I Sverige bestod 2017 CBG/CNG av 90% biogas (CBG), men med 100 % naturgas (CNG) hade klimatpåverkan istället varit nära den av bensin och högre än konventionell diesel över livscykeln.

[bookmark: _heading=h.30j0zll]JÄMFÖRELSE MED TRADITIONELLA BRÄNSLEN

Även med annan energimix än den svenska och HVO producerat av raps resulterar elbilen och 100% HVO i betydande utsläppsreduktion i jämförelse med traditionella fossila bränslen. Jämfört med en bensindriven bil resulterar till och med en hybrid, med 50 km räckvidd vid batteriframdrift, i nästan hälften så stor klimatpåverkan över livscykeln.

Utblandning av diesel med biobränsle enligt reduktionskvoten för 2019 resulterar i 16% lägre utsläpp i jämförelse med 100% diesel. När reduktionskvoten för 2030 uppnås resulterar detta i ungefär hälften så stora utsläpp som 100% diesel. För bensin resulterar 2030 års kvot i 23% lägre utsläpp än 100% bensin.

[bookmark: _heading=h.1fob9te]VÄTGASENS ROLL

På den svenska marknaden har vätgasfordon relativt hög påverkan i jämförelse med andra bränslealternativ som ingick i studien, vilket beror på de antaganden som gjorts för produktion. I dagsläget är det vanligast att naturgas (CNG) används som råvara för vätgasproduktionen. I framtiden förväntas däremot påverkan bli lägre och snarlik den för fullt batterielektriska fordon. Detta om teknologiska framsteg uppnås och möjliggör effektiv vätgasproduktion med förnybar el genom elektrolys. Däremot kunde inga primärdata för vätgasfordon återfinnas i dagens utvecklingsläge inom vätgas.
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[bookmark: _Toc67933579]Introduction

This report analyses the total CO2 equivalent emissions of a passenger car in Sweden from a life cycle perspective.

Environmental issues, climate change in particular, pose a significant pressure on the ability of societies to meet human ends. The transport industry is trying to develop more climate-friendly solutions with new vehicles and fuels entering the market. In this changing environment, it is important for both consumers and decision makers to understand the environmental impact of different fuels and vehicles available to be able to make well-informed choices.

[bookmark: _heading=h.2et92p0]The goal of this study is to indicate quantitatively how selected fuel types in the current Swedish market compare with each other in terms of greenhouse gas (GHG) emissions, accounting all stages in the vehicle and fuel life cycle, i.e. production of vehicles, use phase of 200 000 km and the vehicle end-of-life. In addition to conventional fuels and electricity, biofuels and hydrogen are included in this study. The emphasis has been to use only one main source per life cycle phase, thus minimizing the inconsistency in the underlying assumptions. However, as data available for the purposes of this analysis are limited, some unavoidable variation between the assumptions of the studies exists. The evaluation is limited to publicly available reports, thus the full transparency on the background data used was not possible. 

[bookmark: _heading=h.tyjcwt]Based on the results, the climate footprint of a passenger vehicle ranges from 9 ton to 37 ton of CO2-eq in Swedish conditions during the vehicle lifetime from production to end-of-life treatment of the vehicle. Cars fueled with either neat liquid biofuels, biogas or electricity are the most competitive in terms of the CO2 equivalent emissions during the vehicle lifetime, electric cars marking the lowest climate impact with 9 ton of CO2-eq during the vehicle lifetime (47 gram of CO2-eq per km). The highest climate impact results from using conventional gasoline as a fuel. The total lifetime emissions of a passenger vehicle fueled with conventional gasoline are 37 ton of CO2-eq (182 gram of CO2-eq per km).

[bookmark: _heading=h.3dy6vkm]Total energy use in the Swedish transport sector in 2017 was 88 TWh, of which petroleum products accounted for 75% and biofuels for 22%[footnoteRef:6]. To reduce greenhouse gas emissions, Sweden implemented a GHG reduction regulation in 2018, which mandates biofuels in diesel and gasoline[footnoteRef:7]. The domestic transport sector (excluding aviation) is required to reduce GHG emissions by 70% by 2030 compared to 2010 levels. Other actions supporting the GHG reduction is for example the bonus-malus system, which favors cars with CO2 emissions below a certain level with a premium (bonus) and punishes cars above a certain CO2 emission threshold with an increased vehicle tax (malus)[footnoteRef:8]. [6:  Energy in Sweden 2019]  [7:  Regulation (2018:195) on the Reduction of Greenhouse Gas Emissions]  [8:  Transportsektorns klimatmål, 2019] 




[bookmark: _Toc67933580]Scope and method

This study compares the climate impact of various fuel types during the life cycle of a passenger vehicle in the current Swedish market. The life cycle of a vehicle is assumed to be 200 000 km. The used vehicle is a standard sedan, "C segment" car, e.g. Volkswagen Golf, as it is the most widespread European segment of passenger vehicles.[footnoteRef:9] [9:  JRC, EUCAR, CONCAWE, JEC Well-to-Wheels Report Version 5 (2020)] 


[bookmark: _heading=h.2s8eyo1][bookmark: _Toc67933581]Methodology

[bookmark: _heading=h.17dp8vu]The climate impact of a passenger car in Sweden is calculated by combining GHG emission sources from various stages of the vehicle life cycle. The life cycle emissions of a passenger vehicle are divided into three main segments: vehicle production, use phase and end-of-life treatment. The use phase comprises exhaust emissions and the production of fuels.

[bookmark: _heading=h.3rdcrjn]In selecting the literature sources, emphasis was put on minimising methodological variation between fuel or car types (e.g. HVO vs. electricity) to allow for comparison. However, some unavoidable variation in calculation methodology between lifecycle stages (e.g. car production vs. vehicle use) occur due to differences in the underlying assumption between sources.

The data used in the modelling are derived mainly from three sources:

The emissions of the fuel production and vehicle use phases are based on the JEC Well-To-Wheels Report v5 9

The vehicle production and end-of-life (excluding battery) emissions are based on the Ellingsen study [footnoteRef:10] [10:  Ellingsen, The size and range effect: Lifecycle greenhouse gas emissions of electric vehicles" (2016)] 


The battery production emissions are based on the IVL study [footnoteRef:11] [11:  IVL, Lithium-Ion Vehicle Battery Production (2019)] 


The data in these three studies include a number of countries and a wide range of various fuels. Thus, a selection criteria for relevant fuels in Sweden had to be established. The selection of the fuels for the analysis was based on the "Komplettering till Kontrollstation 2019 för reduktionsplikten" report [footnoteRef:12], which estimates the average GHG emissions per fuel type in the Swedish market in 2019 based on the Swedish GHG reduction mandate. The selected fuels used in the model is presented in Table 1. As the GHG emission range within each fuel segment is wide, the results of other relevant fuels within each category are compared in the sensitivity analysis part of this report. [12:  Komplettering till Kontrollstation 2019 för reduktionsplikten, (2019)] 




Table 1. Fuel selection. The chosen JEC values applied were selected to represent the Swedish averages for GHG emissions

		Total GHG emissions including combustion closest to Swedish average [gram CO2-eq / MJ]

		



		Category

		Expected Swedish average12

		Value of the fuel chosen to represent Swedish market

		Range of relevant fuels in
JEC study[footnoteRef:13] [13:  JRC, EUCAR, CONCAWE, JEC Well-to-Tank report v5 (2020) ] 




		FAME

		28.5

		31.8 

		12 - 60



		HVO

		12.0

		17

		11 - 60



		Ethanol

		26.0

		23.5

		17 - 82





[bookmark: _heading=h.26in1rg]

What type of raw material is used in the production of HVO100 is important for the GHG-value. Using only waste and residues, such as animal fats, gives a high GHG reduction potential and is used for modelling purposes. In addition to HVO based on the table 1 selection criteria, HVO mix of 2019 was added to the results. That's the latest official statistics from the Swedish Energy Agency regarding the share of different raw materials for production of HVO sold on the Swedish market[footnoteRef:14]. [14:  ER 2020:26, Drivmedel 2019 (2020)] 


Swedish market fuels are blends and therefore an approach for converting the volume basis to energy basis had to be established. The conversion was based on the fuel properties described in the JEC study[footnoteRef:15]. [15:  JRC, EUCAR, CONCAWE, JEC Well-to-Wheels report v5 (2020)] 


For the production phase emissions of the batteries, a 2019 IVL study was chosen to battery production. In the earlier studies, the production and end-of-life emissions of the battery production per capacity unit were multiple times higher than in the most recent estimates. On the other hand, battery capacities have increased in the modern electric vehicles, thus offsetting the benefits of the lowered CO2 emissions per kWh of a battery produced. The battery sizes used in the model are based on the 2015 vehicle specifications in the JEC report: 21 kWh for fully electric and 10.5 kWh for plug-in hybrid. JEC defines only two alternatives for electric vehicles, either 2015 or 2025+ specification. After comparing these two alternatives, the 2015 was a better representative for the electric vehicle fleet in Sweden. The battery production is assumed to use virgin materials, and the batteries are not expected to have a second life in the presented results. The estimated effect of a battery’s second life is presented in the sensitivity analysis part of this study. The chosen GHG emission value for produced capacity of battery in the model, 77 kg CO2-eq per kWh battery capacity, is in line with the IVL report as well as the PEFCR (2018) report[footnoteRef:16]. [16:  PEFCR – Product Environmental Footprint Category Rules for High Specific Energy Rechargeable Batteries for Mobile Applications (2018)] 


[bookmark: _heading=h.lnxbz9]As the geographical scope of the JEC report is Europe, a method to evaluate the Swedish electricity mix in the model was established. According to Swedish Energy Agency’s report[footnoteRef:17] The Swedish electricity mix consists of 40% hydropower, 39% nuclear, 11% wind and 10% CHP. Based on Biograce[footnoteRef:18], Swedish electricity produces 6.1 gram of CO2-eq emissions per MJ. This figure was used to determine the emissions of electric vehicles. [17:  Energy in Sweden 2019]  [18:  Biograce, www.biograce.net] 


The production stage emissions of hydrogen vehicles are not included in the main sources used. Thus, the production emissions of hydrogen vehicles are estimated based on the LCA comparison study of BEV and PHEV[footnoteRef:19] (2013). This study was selected as it also contains production phase emissions of BEV and those results are in agreement with the Ellingsen study that is used as one of the main sources for the model. In addition, the end-of-life (EoL) emissions of hydrogen vehicles are estimated based on the Ellingsen study[footnoteRef:20], (2016). However, as hydrogen fuel cell vehicles are not commercially produced, the results rely heavily on simulation and estimations. Based on these sources, the production and EoL emissions of hydrogen vehicles are approximately 4% higher than that of the production of an electric vehicle. In the model, all ICE vehicles are assumed to have similar production and EoL emissions as the C-segment vehicle described in the Ellingsen study. [19:  Comparison between hydrogen and electric vehicles by life cycle assessment: A case study in Tuscany, Italy (2013)]  [20:  Ellingsen, The size and range effect: Lifecycle greenhouse gas emissions of electric vehicles" (2016)] 


[bookmark: _heading=h.35nkun2][bookmark: _Toc67933582]Assumptions and Limitations

[bookmark: _heading=h.1ksv4uv]Multiple sources were used to cover all the inputs needed in the model for this study. Due to limited data availability, some methodological variances between the sources had to be accepted. Differences include varying functional units, temporal scopes and different allocation methods. However, as the project’s purpose was to give indicative qualitative results to serve rather as a pre-study, data selection criteria were established as relatively low. 

[bookmark: _heading=h.44sinio]Table 2 highlights some of the most critical differences in assumptions between the studies used as data sources in the model. The original studies refer to the underlying assumptions in further detail. 




Table 2. Overview of differences in assumptions between the main studies used as data sources in the model.

		

		JEC 2020

		Ellingsen 2016

		IVL 2019



		Use in the model (Lifecycle stage)

		Use phase impacts; fuel combustion and fuel production

		Production and end-of-life of vehicles (excluding battery)

		Production and end-of-life of Li-ion batteries



		Technological scope

		C-Class 5 seater compact EU sedan

		Multiple vehicle types; small, medium, large, luxury

		Several different battery packs



		Functional unit

		1 km of motion on the NEDC cycle

		ton of CO2-eq

		kWh of battery capacity



		Conversion of functional unit in the model

		Lifetime is 200 000 km NEDC cycles

		Functional unit used directly

		Electric car battery sizes based on JEC study



		Geography

		Europe

		Germany

		Europe



		Temporal scope

		2015

		Best available technology

		Best available technology



		Allocation method

		System expansion

		No system expansion

		Economic & mass allocation



		Other assumptions

		LULUC and ILUC excluded

		

		









[bookmark: _Toc67933583]Results

The results for the climate footprint of a passenger vehicle in Sweden are presented in Figure 1 and Figure 2. The fuels chosen are representative of the current Swedish market. The units are ton of CO2 equivalent during the whole life cycle of a passenger vehicle, which is assumed to be driven for 200 000 km. Results are also shown in Table 3, which includes the units in gram CO2-eq/km.

In terms of GHG emissions, the best available option is fully electric car, resulting in total emissions of 9 ton of CO2-eq during the vehicle life cycle, followed closely by 100% HVO fuelled car with 11 ton and CBG/CNG with 12 ton of CO2-eq. The CBG/CNG fuel benefits from the high biogas (CBG) content of 90% in Sweden.






For electric cars, the use stage emissions are the lowest due to the Swedish electricity mix, which relies 90% on fossil free. However, based on the results, the production phase emissions are higher than those of the internal combustion engine vehicles, thus slightly offsetting the benefits of the lower carbon footprint during the use phase of electric vehicles. 

[bookmark: _heading=h.3j2qqm3]The diesel blend of reduction quota 2019 results in 27.6 ton of CO2-eq emissions, which is 16% lower than that of 100% diesel. For the reduction quota to 2030, the diesel blend results in 15.2 of CO2 emissions, which is 54% lower than fossil diesel on a well-to-wheels basis. When comparing the results of conventional gasoline to plug-in-hybrids, the plug-in-hybrid with 50 km of electric range results in almost 60% less GHG emissions during the vehicle life cycle. Gasoline blend reduction quota 2030 results in 24% lower emissions than 100% gasoline.




Table 3. Climate footprint of passenger vehicles in Sweden per lifecycle phase using different fuels.

		

		(ton CO2-eq)

		(gram CO2-eq/km)



		Description

		Production



		Use

		

		End-of-life

		Total lifetime emissions

ton CO2-eq

		Total emissions gCO2-eq/km



		Electric vehicle, 
Swedish electricity mix

		8.0

		0.6

		

		0.7

		9.3

		47



		HVO 100, 100 % HVO, animal fats

		5.4

		5.0

		

		0.6

		11.0

		55



		CBG/CNG, 90 % biogas, 10 % natural gas

		5.4

		6.1

		

		0.6

		12.1

		60



		HVO 100, 100% HVO, 2019 mix

		5.4

		7.9

		

		0.6

		13.9

		70



		Diesel blend, reduction quota 2030

		5.4

		9.2

		

		0.6

		15.2

		76



		Plug-in-hybrid, 
Swedish electricity mix + convl gasoline (E5)

		6.2

		8.5

		

		0.6

		15.3

		77



		Flexifuel, 85 % ethanol, 15 % gasoline

		5.4

		13.1

		

		0.6

		19.1

		80



		Hydrogen, natural gas on-site reforming

		8.4

		15.8

		

		0.6

		24.8

		124



		HVO30, 
70 % diesel, 30 % HVO

		5.4

		20.1

		

		0.6

		26.6

		133



		Diesel blend, reduction quota 2019

		5.4

		21.6

		

		0.6

		27.6

		138



		Gasoline blend, reduction quota 2030

		5.4

		22.6

		

		0.6

		28.6

		141



		Diesel (B7), 
7 % FAME, 93 % diesel

		5.4

		25.9

		

		0.6

		31.9

		159



		Diesel (B0)

		5.4

		27.0

		

		0.6

		33.0

		165



		Gasoline (E5), 95 % gasoline, 5 % ethanol

		5.4

		30.6

		

		0.6

		36.6

		182



		Gasoline (E0)

		5.4

		31.4

		

		0.6

		37.4

		187







Owing to the selected hydrogen production method based on natural gas (CNG/LNG), the climate impact of hydrogen vehicles is higher compared to the other alternatives for conventional fuels. With other production methods, such as electrolysis using only low carbon footprint electricity, hydrogen has potential to be one of the best fuels in terms of climate impact. This is described in further detail in the sensitivity analysis.

[bookmark: _Toc67933584]Sensitivity analysis

The goal of the sensitivity analysis is to test different fuel types in the vehicle’s use phase and provide further understanding about the differences in GHG emissions within each fuel blend and the feedstock’s impact. Different possible fuels within each fuel type were modelled to indicate quantitatively the range of variation in GHG emissions within the fuel type, due to the blend and the fuel source.

The fuel sources or feedstocks and the production pathway of the feedstock and the fuel have a large impact on the GHG emission savings of any type of fuel. The CO2 emissions data during the use phase are taken from JEC Well-to-Wheel Analysis [footnoteRef:21]. [21:  JRC, EUCAR, CONCAWE, Well-to-Wheels Report Version 5 (2020)] 


Figure 3 illustrates the effect of fuel feedstocks on CO2 emissions. Reduction in CO2 equivalent emissions per feedstock type for HVO and gas are compared against 100% conventional diesel. CO2 reduction of HVOs range from 43% to 81% when compared to conventional fossil diesel. Biogas CO2 reduction is 86%. Some studied fuels, i.e. HVO100 rape seed, do not reach the minimum GHG savings, 60%, required by RED II [footnoteRef:22]. Thus, carbon intensity of a fuel is highly impacted by the feedstock type. [22:  Renewable Energy Directive II (2018)] 




Figure 4 shows the range of variation in GHG emissions between different types of HVO. On the left, impact on GHG emissions of blending HVO to diesel is visualized from 30% HVO to 100% HVO. On the right, HVOs from different raw materials are compared. 

The difference between the best and worst case for 100% HVO is rather substantial, the animal fats HVO resulting in 11 t of CO2-eq and the HVO based in rape seed causing 21 t of CO2-eq during the vehicle life cycle (Figure 4).






In Sweden during 2017, biogas had a share of 90% within the CBG/CNG based on Energigas report [footnoteRef:23], resulting in low GHG emissions for CBG/CNG. 100% CNG would cause a climate impact very close to that of conventional gasoline and higher than that of conventional diesel during the vehicle life cycle (Figure 5). [23:  Energigas, National Biogas Strategy 2.0 (2018)] 




Figure 5. Sensitivity analysis for biogas (CBG) and natural gas (CNG). In Swedish market, CBG90 (90% of biogas and 10% natural gas) is available. Yellow box indicates the results used in the main fuel comparison in Figure 1.



The use phase emissions of electric vehicles are very dependent on the electricity generation method (Figure 6). CO2 equivalent emissions from wind electricity are so low that they are assumed to be negligible in the model, while the carbon heavy EU electricity mix produces almost 17 t of CO2-eq. When comparing all scenarios of electric and hydrogen vehicles, hydrogen as an energy carrier has potential to be equally positioned in terms of GHG emissions compared to electricity. This would require that the energy demand of hydrogen fuel production would be covered with electricity generated with close to zero GHG emissions, e.g. electrolysis using wind power.



When comparing E5 gasoline to E0 gasoline and B7 diesel to B0 diesel, the impact of adding 5% ethanol to gasoline or 7% fame to diesel is rather marginal in terms of GHG emissions during the vehicle lifetime (Figure 7.)  

The main results do not take into account possible second life of batteries. Figure 8 illustrates the climate impact if the original electric car battery uses a recycled car battery, assuming zero losses in regeneration of the battery. In this case, the emissions of an electric vehicle would decrease by 1 ton of CO2-eq. Furthermore, the main results assume the emissions related to battery production to be 77 kg CO2/kWh. In IVL study, the range for battery production is 61-106 CO2-eq/kWh. Applying this range to the model would result in 8.9 – 9.9 tonnes of total CO2-eq emissions.. 



Figure 7. Sensitivity analysis for conventional fuels. Yellow box indicates the results used in the main fuel comparison in Figure 1.






[bookmark: _Toc67933585]Discussion and conclusions

The goal of this work was to indicatively compare the greenhouse gas (GHG) emissions of each fuel type in Sweden. Based on the results, biofuel, biogas and electricity powered vehicles can have three times lower climate impact than the cars using conventional fuels. If further recycling of materials and renewable electricity mix in the vehicle production stages were assumed, the climate impact could potentially be even lower.

The modelled results of GHG emissions during a vehicle’s full life cycle from the production and use phases to the end-of-life treatment in the Swedish market range from 9 to 37 ton of CO2-eq, or 47 to 182 gCO2-eq/km, where electric and 100% HVO mark the lowest climate footprints. In use phase emissions, electricity using Swedish electricity mix results in the lowest emissions with 0.6 t of CO2-eq. With electric vehicles, the production phase emissions have more significant contribution to the total GHG emissions than with internal combustion engine vehicles, due to emissions related to battery production.

The diesel blend of reduction quota 2019 results in 27.6 ton of CO2-eq emissions during the vehicle life cycle, which is 16% lower than that of 100% diesel. For the reduction quota to 2030, the diesel blend results in roughly half of the CO2 emissions compared to those of 100% diesel. The plug-in-hybrid with 50 km of electric range results in roughly half of the GHG emissions during its life cycle compared to the conventional gasoline.

[bookmark: _heading=h.qsh70q]The climate impact of hydrogen vehicles in the Swedish market is higher compared to other alternatives for conventional fuels. The results derive from the hydrogen production pathway selected for the model, which utilizes natural gas as raw material, since it is the most commonly used production pathway for hydrogen currently. With advanced production methods, e.g. electrolysis using low carbon electricity, hydrogen has potential to be positioned in the same range of GHG emissions with electricity or neat biofuels such as HVO100.

Fuel feedstocks and production pathways are found to have a major impact on the GHG emissions of any type of fuel, from HVO to electricity. Throughout the sensitivity analyses, large variations of GHG emissions are found among the same type of fuel produced from different sources, and even these variations can be enlarged by different production pathways. For example, in the modelled results, the total CO2 emissions of a car fueled with HVO ranges from approx. 11 ton of CO2-eq (HVO made from animal fats) to 21 ton of CO2-eq (HVO made from rape seed).

[bookmark: _heading=h.3as4poj]The results are an outcome of a model based on publicly available data sources and other studies show similar results[footnoteRef:24] The assumptions and limitations of sources used in the model directly affect the modelled results and therefore, for interpreting the results, getting acquainted with the assumptions behind the model’s main sources is encouraged. Due to data scarcity, sources with heterogeneous assumptions were accepted and therefore, the modelled results should be interpreted as indicative.  [24:  From the well to the wheel (2019)] 
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The HVO sensitivity analysis is shown in table format below, in which further details are provided about the assumptions on the production pathway of each HVO type.

Table 4 describes different HVOs used in the sensitivity analysis. The production routes are described in further detail in JEC Well-to-Tank report.

Table 4. Sensitivity analysis for HVO [t of CO2-eq]

		Description

		Production of vehicle

		Use 
(200000 km)

		Vehicle End-of-Life

		Total



		HVO100

		5.4

		5.0

		0.6

		11.0



		HVO45 B7

		5.4

		16.1

		0.6

		22.1



		HVO35 B7

		5.4

		18.3

		0.6

		24.3



		HVO30

		5.4

		20.6

		0.6

		26.6



		HVO, animal fats

		5.4

		5.0

		0.6

		11.0



		HVO, Rape seed

		5.4

		15.4

		0.6

		21.4







Table 5 describes the modelled fuels in further detail. The modelled CBG is municipal waste from closed digestate and the CNG is remote LNG, vaporised at the import terminal. 

Table 5. Sensitivity analysis CBG/CNG t of CO2-eq.

		Description

		Production of vehicle

		Use 
(200 000 km)

		Vehicle End-of-Life

		Total



		CBG100

		5.4

		3.8

		0.6

		9.8



		CBG90

		5.4

		6.1

		0.6

		12.1



		CNG100

		5.4

		26.4

		0.6

		32.4



		

		

		

		

		



		CBG, Municipal waste

		5.4

		3.8

		0.6

		9.8



		CNG, Natural gas

		5.4

		26.4

		0.6

		32.4










Table 6. Sensitivity analysis for electricity and hydrogen (t of CO2-eq).

		Source of electricity in use phase

		Production of vehicle

		Use 
(200000 km)

		Vehicle End-of-Life

		Total



		Hydrogen, Wind electricity, central electrolysis

		8.4

		1.4

		0.6

		10.4



		Electricity, Wind

		8.0

		0.0

		0.7

		8.7



		Electricity, Swedish mix

		8.0

		0.6

		0.7

		9.3



		Electricity, EU-mix

		8.0

		10.0

		0.7

		18.7



		Hydrogen, NG 4000 km, on-site reforming

		8.4

		15.8

		0.6

		24.8



		Hydrogen, Elec EU-mix (MV), on-site electrolysis

		8.4

		24.4

		0.6

		33.4







Table 7. Sensitivity analysis for conventional fuels (t of CO2-eq).

		Description

		Production of vehicle

		Use 
(200000 km)

		Vehicle End-of-Life

		Total



		Diesel, B7

		5.4

		25.9

		0.6

		31.9



		Diesel, B0

		5.4

		27.0

		0.6

		33.0



		Gasoline, E5

		5.4

		30.6

		0.6

		36.6



		Gasoline, E0

		5.4

		31.4

		0.6

		37.4













Climate impact of a passenger car in Sweden 

This is a review of the total carbon dioxide equivalent emissions of a passenger car in Sweden from a life cycle perspective, a so called Well-To-Wheel approach, WtW including production and scrapping of the car. 

The greenhouse gas emissions of each fuel type have been indicatively compared. The goal was to indicate quantitatively how selected fuel types in the current Swedish market compare with each other in terms of greenhouse gas, GHG emissions, accounting all stages in the vehicle and fuel life cycle, i.e. production of vehicles, use phase of 

200 000 km and the vehicle end-of-life. In addition to conventional fuels and electricity, biofuels and hydrogen were included.

The study shows that HVO100, biogas and battery electricity powered vehicles can have three times lower climate impact than cars using conventional fuels. 

The modelled results based on open source data of GHG emissions range from 9 to 37 tons of carbon dioxide equivalent during a vehicle’s full life cycle from production and use to the end-of-life treatment in the Swedish market. The sensitivity analyses show large variations of GHG emissions among the same fuel type produced from different in-feed sources, which can be further strengthened by assumptions on the production stage.

The results are an outcome of a model based on publicly available open data sources. The assumptions and limitations of sources used in the model directly affect the modelled results and therefore, for interpreting the results, getting acquainted with the assumptions behind the model’s main sources is encouraged. Due to data scarcity, sources with heterogeneous assumptions were accepted, and thus, the results should be interpreted as indicative.

Climate footprint of vehicle in Sweden using different fuels [tonnes of CO2 equivalent]	

Production of vehicle	Fully electric	HVO100	CBG / CNG	HVO100, 2019 mix	Diesel blend, reduction quota 2030	Plug-in-Hybrid	Flexifuel	Hydrogen	HVO30	Diesel blend, reduction quota 2019	Gasoline blend, reduction quota 2030	Diesel (B7)	Gasoline (E5)	8.0015999999999998	5.4	5.4	5.4	5.4	6.2085000000000008	5.4	8.4480892799999996	5.4	5.4	5.4	5.4	5.4	Use (200000 km)	Fully electric	HVO100	CBG / CNG	HVO100, 2019 mix	Diesel blend, reduction quota 2030	Plug-in-Hybrid	Flexifuel	Hydrogen	HVO30	Diesel blend, reduction quota 2019	Gasoline blend, reduction quota 2030	Diesel (B7)	Gasoline (E5)	0.55705199999999988	5	6.0600000000000005	7.944	9.18	8.4539620000000006	13.0772964410033	15.799999999999999	20.600893171935592	21.6	22.607999999999997	25.869375664907484	30.617792492746382	Vehicle End-of-Life	Fully electric	HVO100	CBG / CNG	HVO100, 2019 mix	Diesel blend, reduction quota 2030	Plug-in-Hybrid	Flexifuel	Hydrogen	HVO30	Diesel blend, reduction quota 2019	Gasoline blend, reduction quota 2030	Diesel (B7)	Gasoline (E5)	0.7	0.6	0.6	0.6	0.6	0.6	0.6	0.6	0.6	0.6	0.6	0.6	0.6	

ton CO2-eq









Climate footprint of vehicle in Sweden using different fuels [tonnes of CO2 equivalent]	

Production of vehicle	Fully electric	HVO100	CBG / CNG	HVO100, 2019 mix	Diesel blend, reduction quota 2030	Plug-in-Hybrid	Flexifuel	Hydrogen	HVO30	Diesel blend, reduction quota 2019	Gasoline blend, reduction quota 2030	Diesel (B7)	Gasoline (E5)	8.0015999999999998	5.4	5.4	5.4	5.4	6.2085000000000008	5.4	8.4480892799999996	5.4	5.4	5.4	5.4	5.4	Use (200000 km)	Fully electric	HVO100	CBG / CNG	HVO100, 2019 mix	Diesel blend, reduction quota 2030	Plug-in-Hybrid	Flexifuel	Hydrogen	HVO30	Diesel blend, reduction quota 2019	Gasoline blend, reduction quota 2030	Diesel (B7)	Gasoline (E5)	0.55705199999999988	5	6.0600000000000005	7.944	9.18	8.4539620000000006	13.0772964410033	15.799999999999999	20.600893171935592	21.6	22.607999999999997	25.869375664907484	30.617792492746382	Vehicle End-of-Life	Fully electric	HVO100	CBG / CNG	HVO100, 2019 mix	Diesel blend, reduction quota 2030	Plug-in-Hybrid	Flexifuel	Hydrogen	HVO30	Diesel blend, reduction quota 2019	Gasoline blend, reduction quota 2030	Diesel (B7)	Gasoline (E5)	0.7	0.6	0.6	0.6	0.6	0.6	0.6	0.6	0.6	0.6	0.6	0.6	0.6	

ton CO2-eq









Climate footprint of vehicle in Sweden using different fuels [tonnes of CO2 equivalent]	

HVO100	

-10000	0	10000	20000	30000	40000	50000	60000	70000	80000	90000	100000	110000	120000	130000	140000	150000	150000	160000	170000	180000	190000	200000	200000	210000	5.4	5.4	5.65	5.9	6.15	6.4	6.65	6.9	7.15	7.4	7.65	7.9	8.15	8.4	8.65	8.9	9.15	9.15	9.4	9.65	9.9	10.15	10.4	11	11	Fully electric	

-10000	0	10000	20000	30000	40000	50000	60000	70000	80000	90000	100000	110000	120000	130000	140000	150000	150000	160000	170000	180000	190000	200000	200000	210000	8.0015999999999998	8.0015999999999998	8.0294525999999991	8.0573052000000001	8.0851577999999993	8.1130104000000003	8.1408629999999995	8.1687156000000005	8.1965681999999997	8.224420799999999	8.2522734	8.2801259999999992	8.3079786000000002	8.3358311999999994	8.3636838000000004	8.3915363999999997	8.4193889999999989	8.4193889999999989	8.4472415999999999	8.4750941999999991	8.5029468000000001	8.5307993999999994	8.5586520000000004	9.2586519999999997	9.2586519999999997	CBG / CNG	

-10000	0	10000	20000	30000	40000	50000	60000	70000	80000	90000	100000	110000	120000	130000	140000	150000	150000	160000	170000	180000	190000	200000	200000	210000	5.4	5.4	5.7030000000000003	6.0060000000000002	6.3090000000000002	6.6120000000000001	6.9150000000000009	7.218	7.5210000000000008	7.8239999999999998	8.1270000000000007	8.43	8.7330000000000005	9.0360000000000014	9.3390000000000004	9.6419999999999995	9.9450000000000003	9.9450000000000003	10.248000000000001	10.551	10.854000000000001	11.157	11.46	12.06	12.06	Plug-in Hybrid	

-10000	0	10000	20000	30000	40000	50000	60000	70000	80000	90000	100000	110000	120000	130000	140000	150000	150000	160000	170000	180000	190000	200000	200000	210000	6.2085000000000008	6.2085000000000008	6.6311981000000007	7.0538962000000005	7.4765943000000004	7.8992924000000011	8.3219905000000018	8.7446885999999999	9.1673867000000016	9.5900848000000014	10.012782900000001	10.435481000000001	10.858179100000001	11.280877200000001	11.703575300000001	12.126273400000001	12.5489715	12.5489715	12.971669600000002	13.3943677	13.817065800000002	14.239763900000002	14.662462000000001	15.262462000000001	15.262462000000001	Flexifuel	

-10000	0	10000	20000	30000	40000	50000	60000	70000	80000	90000	100000	110000	120000	130000	140000	150000	150000	160000	170000	180000	190000	200000	200000	210000	5.4	5.4	6.0538648220501656	6.7077296441003309	7.3615944661504953	8.0154592882006597	8.6693241102508249	9.3231889323009902	9.9770537543511555	10.630918576401321	11.284783398451486	11.938648220501651	12.592513042551815	13.246377864601982	13.900242686652145	14.554107508702311	15.207972330752476	15.207972330752476	15.861837152802641	16.515701974852806	17.16956679690297	17.823431618953137	18.4772964410033	19.077296441003302	19.077296441003302	Hydrogen	

-10000	0	10000	20000	30000	40000	50000	60000	70000	80000	90000	100000	110000	120000	130000	140000	150000	150000	160000	170000	180000	190000	200000	200000	210000	8.4480892799999996	8.4480892799999996	9.2380892799999987	10.02808928	10.818089279999999	11.60808928	12.398089279999999	13.18808928	13.978089279999999	14.768089279999998	15.558089279999999	16.34808928	17.138089279999999	17.928089279999998	18.718089280000001	19.50808928	20.298089279999999	20.298089279999999	21.088089279999998	21.878089279999998	22.668089279999997	23.458089279999999	24.248089279999999	24.84808928	24.84808928	HVO30	

-10000	0	10000	20000	30000	40000	50000	60000	70000	80000	90000	100000	110000	120000	130000	140000	150000	150000	160000	170000	180000	190000	200000	200000	210000	5.4	5.4	6.4300446585967794	7.4600893171935594	8.4901339757903393	9.5201786343871184	10.550223292983897	11.580267951580678	12.610312610177457	13.640357268774236	14.670401927371017	15.700446585967796	16.730491244564575	17.760535903161355	18.790580561758134	19.820625220354913	20.850669878951692	20.850669878951692	21.880714537548471	22.910759196145257	23.940803854742036	24.970848513338815	26.000893171935594	26.600893171935596	26.600893171935596	Diesel blend, reduction quota 2019	



-10000	0	10000	20000	30000	40000	50000	60000	70000	80000	90000	100000	110000	120000	130000	140000	150000	150000	160000	170000	180000	190000	200000	200000	210000	5.4	5.4	6.48	7.5600000000000005	8.64	9.7200000000000006	10.8	11.88	12.96	14.040000000000001	15.120000000000001	16.200000000000003	17.28	18.36	19.440000000000001	20.520000000000003	21.6	21.6	22.68	23.760000000000005	24.840000000000003	25.92	27	27.6	27.6	Diesel (B7)	

-10000	0	10000	20000	30000	40000	50000	60000	70000	80000	90000	100000	110000	120000	130000	140000	150000	150000	160000	170000	180000	190000	200000	200000	210000	5.4	5.4	6.6934687832453745	7.9869375664907487	9.280406349736122	10.573875132981497	11.867343916226872	13.160812699472245	14.454281482717619	15.747750265962994	17.041219049208365	18.334687832453742	19.628156615699115	20.921625398944492	22.215094182189866	23.508562965435239	24.802031748680612	24.802031748680612	26.095500531925985	27.388969315171359	28.682438098416732	29.975906881662112	31.269375664907486	31.869375664907487	31.869375664907487	Gasoline (E5)	

-10000	0	10000	20000	30000	40000	50000	60000	70000	80000	90000	100000	110000	120000	130000	140000	150000	150000	160000	170000	180000	190000	200000	200000	210000	5.4	5.4	6.9308896246373193	8.4617792492746382	9.9926688739119562	11.523558498549278	13.054448123186596	14.585337747823914	16.116227372461232	17.647116997098554	19.178006621735872	20.708896246373193	22.239785871010511	23.770675495647829	25.301565120285147	26.832454744922465	28.363344369559783	28.363344369559783	29.894233994197108	31.425123618834427	32.956013243471745	34.486902868109063	36.017792492746381	36.617792492746382	36.617792492746382	Diesel blend, reduction quota 2030	

-10000	0	10000	20000	30000	40000	50000	60000	70000	80000	90000	100000	110000	120000	130000	140000	150000	150000	160000	170000	180000	190000	200000	200000	210000	5.4	5.4	5.859	6.3180000000000005	6.7770000000000001	7.2360000000000007	7.6950000000000003	8.1539999999999999	8.6129999999999995	9.0719999999999992	9.5310000000000006	9.99	10.449	10.908000000000001	11.367000000000001	11.826000000000001	12.285	12.285	12.744	13.202999999999999	13.662000000000001	14.121	14.58	15.18	15.18	Gasoline blend, reduction quota 2030	



-10000	0	10000	20000	30000	40000	50000	60000	70000	80000	90000	100000	110000	120000	130000	140000	150000	150000	160000	170000	180000	190000	200000	200000	210000	5.4	5.4	6.5304000000000002	7.6608000000000001	8.7911999999999999	9.9215999999999998	11.052	12.182399999999999	13.312799999999999	14.443199999999999	15.573599999999999	16.704000000000001	17.834399999999999	18.964799999999997	20.095199999999998	21.2256	22.356000000000002	22.356000000000002	23.486399999999996	24.616799999999998	25.747199999999999	26.877600000000001	28.007999999999996	28.607999999999997	28.607999999999997	HVO100, 2019 mix	

-10000	0	10000	20000	30000	40000	50000	60000	70000	80000	90000	100000	110000	120000	130000	140000	150000	150000	160000	170000	180000	190000	200000	200000	210000	5.4	5.4	5.7972000000000001	6.1943999999999999	6.5916000000000006	6.9888000000000003	7.3860000000000001	7.7832000000000008	8.1804000000000006	8.5776000000000003	8.9748000000000001	9.3719999999999999	9.7692000000000014	10.166399999999999	10.563600000000001	10.960799999999999	11.358000000000001	11.358000000000001	11.7552	12.1524	12.5496	12.9468	13.344000000000001	13.944000000000001	13.944000000000001	Distance driven (km)





ton CO2-eq







CO2 equivalent reduction per feedstock type



Reduction-% [CO2eq]	HVO100, Tallow oil	HVO100, Rape seed	CBG100, Municipal waste	CNG100, Natural gas	0.81481481481481477	0.42962962962962964	0.85925925925925928	2.2222222222222143E-2	Greenhouse gas savings thresholds in RED II	HVO100, Tallow oil	HVO100, Rape seed	CBG100, Municipal waste	CNG100, Natural gas	0.6	0.6	0.6	0.6	







Sensitivity analysis for HVO



Production of vehicle	HVO100	HVO45 B7	HVO35 B7	HVO30	Diesel (B0)	HVO100, Tallow oil	HVO100, Rape seed	5.4	5.4	5.4	5.4	5.4	5.4	5.4	Use (200000 km)	HVO100	HVO45 B7	HVO35 B7	HVO30	Diesel (B0)	HVO100, Tallow oil	HVO100, Rape seed	5	16.132103710484621	18.32912645835663	20.600893171935592	27	5	15.4	Vehicle End-of-Life	HVO100	HVO45 B7	HVO35 B7	HVO30	Diesel (B0)	HVO100, Tallow oil	HVO100, Rape seed	0.6	0.6	0.6	0.6	0.6	0.6	0.6	Battery change	HVO100	HVO45 B7	HVO35 B7	HVO30	Diesel (B0)	HVO100, Tallow oil	HVO100, Rape seed	0	0	0	0	0	0	0	

t CO2-eq









Sensitivity analysis for CBG/CNG



Production of vehicle	CBG100	HVO100	CBG90	Diesel (B7)	CNG100	CBG, Municipal waste	CNG, Natural gas	5.4	5.4	5.4	5.4	5.4	5.4	5.4	Use (200000 km)	CBG100	HVO100	CBG90	Diesel (B7)	CNG100	CBG, Municipal waste	CNG, Natural gas	3.8000000000000003	5	6.0600000000000005	25.869375664907484	26.400000000000002	3.8000000000000003	26.400000000000002	Battery change	CBG100	HVO100	CBG90	Diesel (B7)	CNG100	CBG, Municipal waste	CNG, Natural gas	0	0	0	0	0	0	0	Vehicle End-of-Life	CBG100	HVO100	CBG90	Diesel (B7)	CNG100	CBG, Municipal waste	CNG, Natural gas	0.6	0.6	0.6	0.6	0.6	0.6	0.6	

t CO2-eq









Sensitivity analysis

for electricity and hydrogen



Production of vehicle	Electricity, Wind	Electricity, Swedish mix	Hydrogen, Wind electricity, electrolysis	HVO100	Electricity, EU-mix	Hydrogen, NG 4000 km, on-site reforming	Diesel (B7)	Hydrogen, Elec EU-mix, electrolysis	8.0015999999999998	8.0015999999999998	8.4480892799999996	5.4	8.0015999999999998	8.4480892799999996	5.4	8.4480892799999996	Use (200000 km)	Electricity, Wind	Electricity, Swedish mix	Hydrogen, Wind electricity, electrolysis	HVO100	Electricity, EU-mix	Hydrogen, NG 4000 km, on-site reforming	Diesel (B7)	Hydrogen, Elec EU-mix, electrolysis	0	0.55705199999999988	1.4	5	10	15.799999999999999	25.869375664907484	24.4	Vehicle End-of-Life	Electricity, Wind	Electricity, Swedish mix	Hydrogen, Wind electricity, electrolysis	HVO100	Electricity, EU-mix	Hydrogen, NG 4000 km, on-site reforming	Diesel (B7)	Hydrogen, Elec EU-mix, electrolysis	0.7	0.7	0.6	0.6	0.7	0.6	0.6	0.6	Battery change	Electricity, Wind	Electricity, Swedish mix	Hydrogen, Wind electricity, electrolysis	HVO100	Electricity, EU-mix	Hydrogen, NG 4000 km, on-site reforming	Diesel (B7)	Hydrogen, Elec EU-mix, electrolysis	0	0	0	0	0	0	0	0	

t CO2-eq









Sensitivity analysis for conventional fuels



Production of vehicle	HVO100	Diesel, B7	Diesel, B0	Gasoline, E5	Gasoline, E0	5.4	5.4	5.4	5.4	5.4	Use (200000 km)	HVO100	Diesel, B7	Diesel, B0	Gasoline, E5	Gasoline, E0	5	25.869375664907484	27	30.617792492746382	31.4	Battery change	HVO100	Diesel, B7	Diesel, B0	Gasoline, E5	Gasoline, E0	0	0	0	0	0	Vehicle End-of-Life	HVO100	Diesel, B7	Diesel, B0	Gasoline, E5	Gasoline, E0	0.6	0.6	0.6	0.6	0.6	

t CO2-eq









Sensitivity analysis for second life of batteries



Production of vehicle	Fully electric	HVO100, Tallow oil	CBG / CNG	Plug-in-Hybrid	Diesel blend, reduction quota 2030	Flexifuel	Hydrogen	HVO30	Diesel blend, reduction quota 2019	Gasoline blend, reduction quota 2030	Diesel (B7)	Gasoline (E5)	7.2008000000000001	5.4	5.4	5.8042500000000006	5.4	5.4	8.4480892799999996	5.4	5.4	5.4	5.4	5.4	Use (200000 km)	Fully electric	HVO100, Tallow oil	CBG / CNG	Plug-in-Hybrid	Diesel blend, reduction quota 2030	Flexifuel	Hydrogen	HVO30	Diesel blend, reduction quota 2019	Gasoline blend, reduction quota 2030	Diesel (B7)	Gasoline (E5)	0.55705199999999988	5	6.0600000000000005	8.4539620000000006	9.18	13.0772964410033	15.799999999999999	20.600893171935592	21.6	22.607999999999997	25.869375664907484	30.617792492746382	Vehicle End-of-Life	Fully electric	HVO100, Tallow oil	CBG / CNG	Plug-in-Hybrid	Diesel blend, reduction quota 2030	Flexifuel	Hydrogen	HVO30	Diesel blend, reduction quota 2019	Gasoline blend, reduction quota 2030	Diesel (B7)	Gasoline (E5)	0.7	0.6	0.6	0.6	0.6	0.6	0.6	0.6	0.6	0.6	0.6	0.6	Battery change	Fully electric	HVO100, Tallow oil	CBG / CNG	Plug-in-Hybrid	Diesel blend, reduction quota 2030	Flexifuel	Hydrogen	HVO30	Diesel blend, reduction quota 2019	Gasoline blend, reduction quota 2030	Diesel (B7)	Gasoline (E5)	0	0	0	0	0	0	0	0	0	0	0	0	Without second life	9.3000000000000007	15.3	

t CO2-eq
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