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PREFACE

This project has been carried out within the collaborative research prBgnaemwable transporta
tion fuels and systenfBérnybara drivmedel och systgnProject noP504351. The project has
been financed by the Swedish Energy Agency arndS®&edish Knowedge Centre for Renewable
Transportation Fuels.

The Swedish Energy Agendya government agency subordinatehe Ministry of Infrastructure

The Swedish Energy Agencyleading the energy transition into a modern and sustainable, fossil
freewelfare societyand supports research on renewable energy sources, the energy system, and fu
ture transportation fuels production and use.

f3 Swedish Knowledge Centre for Renewable Transportation Fuels is a networking organization
which focuses on develognt of environmentally, economically and socially sustainable renewa
ble fuels The f3 centre is financed jointly by the centre partners and the regiistvta Gotaland.
Chalmers Industriteknikunctions as the host of the f3 organization (see
https://f3centre.se/en/abeid).

Shipping needs to phase out the usage of fossil fuels and until a couple of years adagusG

fied natural gaswas seen as a part of that solution. Thisecaus&€ NG contain éss carbon per
energy amount and hence also has the potential to lower the carbon dioxide emissions te some ex
tent.Compared tdraditional bunker fuels in shippinguch as MGQ@Marine gas oilland HFO
(Heavy fuel oil),LNG alsohasthe potential to substantially reduce for example particulate matter
and sulphur oxides. But today, the reatifywhat is needed is more obvidigsalarger part of the
industry, as well as policy makers and the public. Switching to LNG is not enougssitrilkecom
bined with carbon removal ithe form of CSS(Carbon Capture and Stordge similar. Two dec
adeshave passed singdNG wasintroduced as a bunker fumhd madevailable in major ports

and LNG ships are predicted to make up fodD0% of dl vessels in the futur&olutions are

needed to solve the equatiomlmw the decarbonisation of that part of the fleet shall be met.

This studyinvestigateghe possibility to replace LNG with renewable and sustainable produced

methane in liquified formThe project startedith theidea thaimarine transport could make use of

the biogas that the bus fleet would no longer need after transitionihgctacpropulsion. The

biogascould potentially be liquified and sent to shipstead From a shippwng 6 s perhepect i v
cost for switching to renewabléstoo high today. Howeveat the start of this studgn opening in

policy shit that might provide support measures in that direction was discerned.

The policy progress within Eldnd theFit for 55package under the European Green Bealmov

ing targethat is constantly discussed and deba®everal additions and changes hbaappened
during the approximately two years since this stwdg initiated As anexample, ship operations
within EU watesis likely to be implemented in the EU emission trading scheme ETS from 2023.
On a national levekthe Swedish government recentlgcidedon a production support incentive for
biogas production of 500 MSEiK 2022, and’700 MSEKper year fo2023 and 202 Detailsre-

main, but the decisionitself made the lowest production scenarios in this study quite unlikely.

All'in all, we are very thankful towards The Swedish Energy Agency and f3 that we have-been fi
nanced to work with this study and hopefully cinite towards the realisation of the potential of
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producing up to approximately 30 TWh of LBM (Liquefied Bio Metharse definition in this re

port) and CB@Compressed biogaannually in Sweden. This amount of renewablerb&thane

and electromethane kaolve a significant part of the decarbonisation of ship operations related to
the vessels that bunker and will bunker methane in Swedish ports.

The project group has consisted of researchers from IVL and Chalmers, who are supplemented
with a group of orgnisations and interested industry that have supported the project with infor
mation, experience, discussions related to analysis and results as well as good ideas for solutions
and available resources, studies etc.

The organisations and persons tie supported the project are:

Energigas Sverige Fredrik Svensson, Johan Laurell

Energikontor SyeéDsti Hannele Johansson, Fredrik Mardh, Tommy Lindstrém
Furetank- Johan Kristensson

Gasum- Mikael Lidén

GotlandsbolagetGotland Tech Development ABChrister Bruzelius

Innovatum / Biogas VastBo Ramberg

Swedish Shipowners Associatiefredrik Larsson

Tarntank- Dick Hoglund

=A =4 -4 8 a8 -8 9 -9

We are thankful to the reference group and the supportive organisations of this project that has sup
ported us with insights andluable feedback during the whole process.

This report shoud be cited as:

Jivén K., et. al, (2@2) Can LNG be replaced with Liquid BMethane (LBM) in shipping?
Publ.No FDOS28:2022. Available athttps://f3centre.se/en/renewalbttansportatiorfuels-and

systems/

Results related to this study will also be presented and published in a separate paper during 2022.
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SUMMARY

As per today (2021), in total some 500 TWh bunker fuel is consumed within the shipping sector
annually within EU waters and approximately 25 TWh of this (5%) is (NGuefied natural ggs

The fleet of LNG fuelled vessels has grostaadily since the first vessels were introduced around
year 2000. Predictions and scenarios indicate that in a couple of years, it is likely that around 15 %
of all bunker fuels consumed in shipping will be LNG.

Through detailed analyses of present arahipéd production capacity combined with scenarios
built for future potential bioand electremethane production, a possibility to replace large amounts
of LNG in shipping can be seen from a Swedish perspective.

In total, the analysis shows a maximum scenfr LBM production(Liquefied Bio Methanein

Sweden year 2045 of nearly 30 TWh annually. This potential includes eheeth@ne production

based on carbon dioxide that is naturally formed during the biogas digestion production process.

All production of methane being assessed as potential, is assessed to be based on sustainable sub
strates and sustainably produced.

This report shows that it could be possible to replace fossil LNG as a fuel in shipping with-renewa
ble LBM at a large scale from a Sweldiperspective. The total bunkering of ships in Sweden are
around 25 TWh per year, varies over time, and is dependant not only on which ships that ealls Swe
dish ports but also with the market competition vaitimker suppliergn other countries. Should

15% of that fuel be LNG, it would be some 4 TWh LNG that could be interesting to switch towards
renewable LBM.

The potential shift in shipping in Sweden from LNG to LBM at a level-6fAVh is assessed to

be a realistic potential, but the shift will not lpgm unless the society gives the industry incentives
that supports that shift and clearly shows the involved stakeholders that there isearfosgat

egy to enhance renewable methane production and consumption. It is especially important that pol
icy instrument in the shipping sector is introduced that connects greenhouse gas emissions with a
cost that can be avoided if fuels with low or zero emissions being used.

Today, only a small proportion of bimethane is liquefied to LBM in Sweden, while mosthaf
planned production facilities for biogas will be for LBM, thanks to subsidies in the form of-invest
ment support and the decreased demand of CBG that benefits LBM.

This report has chosen to use the expression Liquidvigithhane (LBM) due to the fadbat the ex
pression often used Liquid Bio Gas (LBG) does not cover the important part of the methane pro
duced as an electrofuel based on carbon dioxide from the digestion process and also naot really in
cludes the methanation of syngas from gasificatiantgl

A Swedish production support in combination with the introduction of shipping within the EU
emission trading scheme (ETS) seems too possibly even out the cost difference between LNG and
LBG as a marine fuel or at least give a significantly smalleidsado overcome.

To establish the environmental rationale of this product, life cycle assessments of the production of
LBM and the use in the shipping sector were performed. No previous scientific studies have been
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identified which look into the performae of using electrofuel pathways of LBM in the shipping
sector. The results are presented in the report together with an analysis of potential future issues to
observe.
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SAMMANFATTNING

Idag (2021) forbrukas totalt cirka 500 TWh bunkerbransle inom sgé&ktorn arligen inom EU

och cirka 25 TWh av detta (5 %ppskattas varaNG (Liquefied natural ggs Flottan av LNG

drivna fartyg har vaxt stadigt sedan de forsta fartygen introducerades runt ar 2000. Férutsagelser
tyder pa att det inom ett par ar ar troligt att cirka 15 % av allt bunkerbransle som forbrukas inom
sjofarten kommer akunnavara LNG.

Gerom detaljerade analyser av nuvarande och planerad produktionskapacitet kombinerat med sce
narier byggda for framtida potentiell bioch elektrometanproduktiaer vienreellmojlighet att

med dessa fornybara branslen fasstota mangder LNG inom sjofen. Detta sett ur ett svenskt
perspektiv.

Totalt visar analysen ett maximalt scenario for Lipkdduktion(Liquefied Bio Methangi Sverige

ar 2045 pa narmare 30 TWh arligen. Denna potential inkluderar elektrometanproduktion baserad pa
koldioxid som bildasaturligt under biogasrétningsprocessen. All produktion, av metan som be

doéms som potentiell, beddms vara baserad pa hallbara substvatrakéllbartproducerad.

Denna rapport visalltsaatt det skulle kunna vara mojligt att erséatta fossil LNG saindle inom
sjofarten med fornybar LBM i stor skala ur ett svenskt perspektiv. Den totala bunkringen av fartyg
i Sverige ligger pa cirka 25 TWh per ar, varierar 6ver tiden, och beror inte bara pa vilka fartyg som
anloper svenska hamnar utan aven av konkaee pdunkemarknaden med hamnar i andra-1an

der. Skulledet vara satt 15 % av det branslet ar LNG, det sksltaramotcirka 4 TWh LNG som

kan vara intressant att byta mot férnybar LBM.

Det potentiella skiftet inom sjofarten i Sverige fran LNG tlBM pé en niva avide TWh bedoms

vara en realistisk potential, men skiftet kommer inte att ske om inte samhallet ger branschen incita
ment som stodjer det skiftet och tydligt visar de inblandade intressenterna att det finns en langsiktig
strategi for att 6& produktionen och konsumtionen av férnybar metan. Det ar sarskilt viktigt att ett
styrmedel inom sjofarten infors som kopplar samman utslapp av vaxthusgaser med en kostnad som
kan undvikas om branslen med laga eller nollutskipklimatgaseanvands.

Idag ar det bara en liten del av biometan $6matskadill LBM i Sverige, medan merparten av de
planerade produktionsanlaggningarna for biogas kommer att vara for DBttatack vare sub
ventioner i form av investeringsstod och den minskade efterfragaB@asom gynnar LBM.

Denna rapport har valt att anvanda uttrydkqtid Bio-Methane(LBM) pa grund av att det ofta
anvanda uttryckdtiquid Bio Gas(LBG) inte tacker den viktiga delen av metan som produceras
som ett elektrobransle baserat pa koldioxid fidtningen process och inkluderar egentligen inte
heller metaisering av syngas fran férgasningsanlaggningar.

Ett svenskt produktionsstdd i kombination meidrlivandetav sjofart inom EU:s utslappshandels
system (ETS}ker ut att kunnfamna ut kostnadk#lnaden mellan LNG och LBG som marint
bransle eller atminstone bli en mindre barriar att 6vervinna.

For att faststallaniljonyttanfér denna produktionspotential gjordes livscykelbedémningar av pro
duktionen av LBM och anvandningen inom sjofartssektimga tidigare vetenskapliga studier har
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identifierats som understker prestandan for att anvanda elektrobranslevagar for LBM i sjofarts
sektorn. Resultaten presenteras i rapporten tillsammans med en analys av potentiella framtida
fragor att observera.
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GLOSSARY / DEFINITIONS

Biofuel Fuel from biogenic resources

Biogas A mixture of methane (ChHi carbon dioxide (CPand small quantities of other gases
produced by anaerohiigestion of organic matter in an oxygen free environment.

Bio-Methane Anearpur e source of renewabl e methane pr o
(a process that removes any GId other contaminants present in the biogas) or
through thermo and electioemical pathways with subsequent methanation.

CAPEX Capital expenditure

CBG Compressed biogas

CHP Combined heat and power (CHP) plants use the waste heat from electrieity pro
duction for heating purposes

CBM Compressed Bio Methane (synonym to CBG buuitiog thermo and electro
chemical pathways)

CO Carbon monoxide

CO Carbon dioxide

COseq Carbon dioxide equivalent, greenhouse gases other thaar€@ecalculated and

expressed as carbon dioxide equivalents based on their warming potential in a de
fined time perspective

CCS Carbon Capture and Storage

Drop-in fuel A high-end biofuel (e.g. HVO) that is exchangeable in parts or in full with refined
petroleumbased diesel fuel

DWT Deadweight tonnage
e-CBM Compressed Bidethane produced through electrochemical pathways
e-LBM Liquid Bio-Methane produced through electrochemical pathways

External costs External costs are costs carried by the societg.tprenvironmental deterioration.
E.g. Health care costs for increased cases of asthma due to air pollution

GHG Greenhouse gases

HFO Heavy fuel oil, a conventional fuel in shipping that mainly consists of residual oil
from refineries

HVO Hydrotreated vgetable oil, often used as a dviogfuel in fuel for diesel engines

IEA International Energy Agency

ILUC Indirect Land Use Change

IMO International Maritime Organization

IPCC Intergovernmental Panel on Climate Change

ISO InternationalStandardisation Organization

LBG Liquefied biogas

LBM Liquefied Bio Methane (synonym to LBG but including thermo and electro

chemical pathways)

LNG Liquefied natural gas
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LSFO
MARPOL

MEPC
MGO
MRV

NM
NOx
REDII

SECA

Slip
SO
TTW

Low sulphur fuel ol

International Convention for the Prevention oflétmn from Ships, adopted in
1973 at IMO

Marine Environmental Protection Committee, of the IMO
Marine gasoil

Mandatory requirements for ships on monitoring, reporting and verification of
CQO, emissions from ships within EU

Nautical mile
Nitrogen oxides

The EU Renewable Energy Directive Il, revises RED | and establishes an overall
policy for the production and promotion of energy from renewable sources in the EU

Sulphur emission control area, IM@snomination of zones where stricter regu
lations on sulphur emissions from ships apply.

Unburned methane within engine exhausts
Sulphur oxides
Tank to wheel
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11 NTRODUCTI ON AND BACKGROUND

In 2018, the IMO adopted an initial strategy to redarce eventually phase out greenhouse gases
from the shipping sector. Achieving the goals of reducing emissions from shipping requires the
phasing out of fossil fuels. Liquefied natural gas (LNG) has been discussed as a transition fuel and
is popular in shpping for environmental and cost reasons. LNG contains less carbon per unit of en
ergy than conventional marine fuels, which means that combustion emits less carbon dioxide. LNG
therefore produces lower G@missions per unit of energy than fossil oil, fautfrom solves the

whole problem.

Renewable liquefied biogas (LBG) can replace LNG as fuel in-pN@ered vessels without any
changes on board the vessels. During the last two decades, a growing number of vessels with heavy
traffic to and from Swedish pis are able to operate on LNG, and the number is steadily increasing.

This study has therefore been initiated to analyse the conditions for introducing LBG on a large
scale in Swedish short sea shipping. The project assheguestiogof whether the itroduction

of LBG on a large scale in shipping in our immediate area can be a reasonable way to phase out
fossil fuels from shipping linked to Sweden, what the biggest obstacles to tlas@iew much

LBG and Liquid Bio methane through electrochemi@hways (eLBM) that may be available

for shipping by 2030 and in the longer term. The same applies internationally, which is why the sit
uation in countries in Sweden's immediate area also have been taken into account.

The proportion of vessels using LN§&growing, both in a Swedish perspective and on a global ba

sis. LlIoyddébs Register Marine and University Col
for5i10% of total fuel use for gl obal shipping by
seemsd prove that these forecasts was correct or even underestimated the development of LNG as

a marine fuel.

LNG is popular due to favourable environment and cost reasons. LNG contains very little sulphur,
which results in low emissions of sulphur oxides £p&hd most marine LNG engines are of a type
that also has low emissions of nitrogen oxides {N®hese low emissions of S@nd NG make

LNG an attractive fuel for ships operating in emission control areas, where ships must comply with
stricter air qualitystandards. LNG has historically been cheaper and will probably continue to be
cheaper than MGO and heavy fuel oil, which means that there is an incentive for shipping compa
nies to invest in LNG vessels (Pavlenko et al, 2020). However, during 202tidléor LNG has
increased dramatically and instead become significantly more expensive per energy content than
the traditional fossil marine fuels such as MGO (Gasum, 2021). This situation with high LNG
prices compared with MGO etc is not expected tb las

Another problem associated with operation on board ships with LNG / LBG is that most of the en
gines delivered today have problems with unburned methane passing through the engine and being
emitted with the exhaust gases;cadled slip (Pavlenko et @&020). This slip contributes to GHG
emissions and the problem is important to continue working with and applies to operations with
both LNG and LBG but has not been the focus of this study. The problem with engines emitting
methane slip is not affectedtife engine is fuelled by LNG or renewable LBG. Possibilities to de
crease methane slip is for example discussed in Winnes (2020).
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Extensive use of biofuels in shipping would require significantly higher production volumes and thus
an increased supply afistainable biomass, which is a limiting facteL.BM can therefore in the

longer term be a solution to the lack of available sustainable biomass because the production of elec
trofuels is not limited to the same extent as other biofuels by the supptyigide sustainable bio

mass (Winnes et al, 2019). FeLBM electricity, water and carbon dioxide are needed.

The benefit of operating vessels with Liquid Biethane (LBM that is synonym to both LBG and e

LBM) on a larger scale instead of, as is treedaday with LNG, is large from an environmental and
sustainability perspective. The study has produced data that shows the potential for this change, which is
expected to lower thresholds for both investing in production capacity and stimulating demand.

The project has been working with the following sei@ohneeconomic areas:

Assessment of available quantities of LBM (LBG ardBM) for shipping.

Identification of segments and vessel types

Economical calculations to assess the price level of LBM

Sociceconomic benefit

Investigate and assess the industry's conditions and attitudes for a transition towards LBM
Assess the possibilities to accelerate and contribute to the introduction of LBM in the ship
ping sector by possible instruments (which can acatldyoth willingness to produce and
willingness to use).

gk wbhNPE

1.1 METHODOLOGY AND IMPLEMENTATION

The project has used a system perspective where different parameters are compared for different
possible solutions with the common goal of using LBM as a fuel in stgpgimphasis has been

placed on shipping to and from Sweden, but also a more comprehensive analyses of the supply of
fuel in Europe has been carried out. This is relevant because shipping and the bunker market have a
clearly international charactérheseparameters are:

1 Available amount of LBM,

9 Cost for production and operation of LBM,

1 Socioeconomic cost and benefit analysis (through Equivalents, N@ & PM and over
all estimation of soci@conomic damage costs for greenhouse gasesnaisdions).

1.1.1 Production potential of biomethane in Sweden

Analysis and mapping of the production potential ofiethanéin Sweden has been assessed
through the following sources:

9 Previously published reports regarding-biethane potential from diffemé sources in
Sweden
1 Environmental permits regarding allowed biogas production at the existing Swedish biogas plants

'Anearpur e source of renewabl e methane produced either
any CO andother contaminants present in the biogas) or through thermo and electrochemical pathways with
subsequent methanation.
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1 Documentation from applications regarding biogas production to the financial support sys
tems ofLBG Driveand Swedish EPDKlimatklivet

1 Personal contact with owners of biogas plants and energy companies

Publications about thermand electrochemical pathways for production oftoiethane

1 Assumptions made by the projectworkers based on previous experience

E ]

1.1.2 Demand for Biemethane in Sweden

Analysis and mapping of the demand of-biethane in Sweden has been assessed through-gather
ing and analysing statistics from different sources and reports containing relevant forecasts on en
ergy useSuch as:

1 SCB (StatisticSweden), The Swedish Energy Agency

1 Communication sent out from specific industries related to their plans for future use of bio
methane in compressed (CBM) and liquid form (LBM) as well as direct contact with industries

1 Assessment of data on ships togethigh ship calls statistics and predictions on new
building of ships

1 Assessments from truck manufacturers on future sales of different vehicles and which fuels
being predicted

9 Discussions with the reference group and others, especially ship ownerssiamibtt on
switching towards LBM, conditions for such a switch and barriers.

1.1.3 Policy instruments and other means for introduction
An overview and analysis of relevant policy instruments have been done through literature study of:

1 Existing policies angbolicy instruments on EU, national and regional level
1 Proposed policies and policy instruments in governmental investigations
1 Proposed measures in budget proposition

Not only policies affecting directly LBM in sea transported has been investigated bpokdtes
affecting biemethane development in general and its use in different sectors and thus its availabil
ity for use in sea transport.

1.1.4 Scenario analysis

In the scenario analysis, the supply and demand are being calculated for LBM and CBM from 2021
to 2045, which is visualised in bar graphs for the years 2021, 2030 and 2045. Supply has been dis
tributed as production capacity for LBM and CBM and demand has been distributed among three
categories namely industry, road transport and shipping for LBM 8l Che starting point is

the year 2021 for both supply and demand.

The supply in 2021 is based on the current production capacity for LBM and CBM in Sweden. The
forecast to 2045 is mainly based on the mapped planned new production capacity projeets in Sw
den which is shown in sectiéh2 below. These projects have received investment support from the
climate step which ends in 2026 and are therefore assumed te@©@BM or LBM the year 2026

or earlier. From 2026 onwards we have assumed a percentage increase of production capacity until
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the year 2045. The exception is Scenario 3b where we have assumed that there will be additional
planned projects until the year ZD8nd thereafter assumed a percentage increase from 2030 to the
year 2045.

The demand in 2021 is based on the current demand for LBM and CBM in Sweden. The forecast to
2045 is mainly based on mapped planned projects in Sweden for each category, wgteh is hi

lighted in ChapteB, where an increase in GWh per year until 2045 has been assumed. The demand
scenarios are built on data and forecasts within the segmentsss@l types using LNG today and

the predicted development as well as competing sales in industry and land transportation. The rea
son behind the three different scenarios presented is different levels of policy development such as
support for biemethane pduction, internalisation of external costs for emissions and GHG in
shipping etc.

1.15LCA

Calculations on the life cycle (LCA) performance of different production pathways for LBM were
performed. The first one is estimates calculated in accordance withnibsan factors for climate
impact calculations from European directive RED II.

Data models of production and use of LBM have also been developed in the project based on aca
demic literature and the commercial life cycle inventory database Ecoinvenhaottets were built

in the software OpenLCA and built based on the LCA ISO standard 1SO14044 and the general
guidelines provided by von der Assen et al (2013) and Mdller et al (2020).

An overview and analysis of relevant academic LCA literature have beertld@ugh literature
study of:

1 Life cycle assessment studies of electromethane available on Scopus

1 Publications about thermand electrochemical pathways for production oftoiethane

1 Previously published reports regarding the environmental infipantLBM from different
sources in Sweden

1.1.6 Cost benefit analysis

Cost and benefit analysis has been performed from the point of view of the shipping company and
the transport buyer, respectively. The cost of transporting goods is taken into accountaas well
the benefit of switching to biofuels, including soe&iconomic calculations.
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2PRODUCTI ON POTHIKETHAINEORF NBISWE

2.1 BIOGAS POTENTIAL

There have been several studies from the 80s onwards that have calculated how much biogas can
be produced in Sweden via anaerobic digestion from Swedish substrates, based on different forms
of assumptionsTable1l summarises the results from the more recent national studies.

Table 1. Biogas potential estimations from different studies from Swedish substrates TWh /year. Potential as
sessments mael with no restrictions (total potential), takingtechnical challengegtechnical potentia) and market
conditions (economic potential) respectively into account.

Study/Reference Theoretical biogas | Technical Economic Boundaries/ Comment

potential (TWh/yr) | potential potential
(TWhlyr) (TWhyr)

Linne et al (2008) Excludes energy crops

Energimyndigheten 15.5 35 Includes energy crops

(2010)

WSP (2013) 1.29.6 Includes energy crops

Borjesson (2013) 6.2 Excludes energy crops astfaw
Borjesson (2013) 6.5 Includes 10 % energy crops
Borjesson et al (2016) 4.5 Value corresponds to increased bioga

production potential from the 2014
level from waste and residual product

Ahlgren et al (2017) 4-10 Value only including ILU@e crops
and straw
Lénnqvist (2017) 7 Includes ley crops on fallow land

(1 TWh, the remaining 6 TWh are
waste and residues)
SOU (2019) 14-15 Includes 45 TWh of waste and resi
dues as well as 10 TWh of ILUC free
crops and agriculturaksidues.
Bdrjesson (2021) 9-14 (46 from manure & | Values correspond to increased suppl
organic residues,-2 from potential until 2030. Adding biogas
straw, 34 from biomass from| production of todaygives a total of
ecological focus areas & un| ~11-162
used arable land)
11-19 (46 from manure & | Values correspond to increased suppl
organic residues,-3 from potential until 2050. Adding biogas
straw and 510 from biomass| production of today gigs a total of
from ecological focus areas ¢ ~13212
unused arable land)
1ILUC (Indirect Land Use Change) means that increased production of biofuels in one country can lead to the dis
ment of other agricultural production, which in the long run can lead to a conversion of forest or grazing &gretut
tural land elsewhere and thereby cause unwanted indirect greenhouse gas emissions.
2Calculation in brackets made by authors of this study, based on actual biogas production of 2020 (Energigas Sveriq

Linné et al (2008) have a clearlyated methodology for assessing national and regional biogas po
tential. Terminology in Linné et al. (2008) is for the biogas potential; total biogas potentiat (corre
sponds approximately to theoretical biogas potential) and total with limitations (cordssap
proximately to technical/economic biogas potential, where technical and economic challenges have
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been taken into account). Competitive uses for the substrates are taken into account in the latter cat
egory.

The Swedish Energy Agency (2010) has ta&ther parameters into account in its assessment of

the national biogas potential competing sectors and technical and economic potential. Examples are
heating and CHP plants that compete with biogas producers for straw. WSP (2013) has developed
three scearios where conditions vary based on possible future development. Economic growth,
technological development and instruments are varied in these scenarios. Borjesson (2010 & 2013)
has produced an updated version of Linne et al (2008) where straw is dx@&ddesson (2016)

has since updated the market potential based on WSP (2013) and Bérjesson (2013) where the po
tential is stated as an increased market potential with regard to the current instruments, which cor
responds to 4.5 TWh/year compared withs&rg biogas production in 2014, which gives a market
potential of approximately 6.2 TWh/year.

Borjesson (2013) states that the biogas potential from energy crops depends above all on how much cul
tivation area is available, but also on harvest levelbmuas yield. Here, a biogas potential of
6.5TWhlyear is stated if 10% of the arable area in Sweden is used to grow crops for biogas production.

Ahlgren (2017) states that approximately@ TWh biogas / year could be produced as ILUC free
biofuel from amble land. Here, account is taken of grassland from abandoned arable land and ara
ble land and that part of the straw is also used for the production of biogas. Lénngvist (2017) esti
mates a practical biogas production potential of 7.2 TWh/year of whichV¥h would come from

ley crops on arable land and the rest from waste and residues.

The governmental investigation regarding biogas markets @019) presents an estimation of
14.1-15 TWh/year based on three previous estimations (Borjesson (2016); ibtgk (2017),
and Lonngvist (2017).

Bdrjesson (2021) is an update of Borjesson (2016), where the production potential has been esti
mated for both year 2030 and 2050. An increase of the potential is assumed from 2030 to 2050 and
for biomasssuitable for biogas production the increase consists of higher amounts from ecological
focus areas and unused arable land. The increase is motivated with increased available areas for
such production as well as improved and adapted systems for harvieistikigd of biomass. For
example, intermediate and catch crops are mentioned and estimated to increase in order to prevent
nutrient leakage in combination with longer growing seasons due to climate change, an increase of
cultivation systems promoting higfiodiversity and high biomass production and increase of-grass
land for increased carbon sequestration (for example in cereal growth sequences).

To have some margin to estimated maximum biogas production values in Bdrjesson (2021) 14 and
19 TWh/year for 280 and 2050 respectively have been chosen to be used as maximum biegas pro
duction values in the current study. These values are somewhat higher than of the earlier national
potential studies (sekablel). If for example adding the result from Bdrjesson (2013, 2016), where
energy crops and straw were excluded, and Ahlgren et al (2017), where only energy crops and
straw were included, we achieve a totaldais potential of about 16 GWh/year. However, as

clearly stressed in Borjesson (2021), the possible production potential that will be realised is
largely due to the development of both national and EU policy and regulations regarding energy,
climate and agculture in the coming years.
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The Swedish Environmental Protection Agency forecasts that there will be less amount of manure
in the future due to change in amount of production of meat and dairy products and the extent of
animals that are indoors in Sweldiagriculture (SOU 2021:48). Diminishing amount of manure

over time is also considered in Bérjesson (2021), but the decreased amount is in the study consid
ered to be compensated by bigger production units making a bigger portion of the manure econom
ically feasible to use for biogas production.

2.1.1 Regional potential

The biogas production potential differs regionally in Sweden, depending on for example population
density (i.e. organic waste from households and sludge from wastewater treatmentggjdots),

ture activity (i.e. manure and residues of crops) and industry that use organic material (i.e. organic

residues). To illustrate the regional biogas potential the study of Linné et al (2008), where data was
collected and reported for each Swedishrity, have been used as a base. The data from Linné et

al (2008) have then been actualized and modified in the following way:

- Where local studies dated later than 2008 have been performed, and where the data have
taken technicaland economical restrictisrinto account, this data have replaced the data
from Linné et al (2008) for respective substrate category. This applies for the counties of
Skane (Bjornsson et al, 2011), Halland (Sandberg et al, 2012), Vastra Gétaland (Grahn et
al, 2020), Vasternorrlan@rransson et al, 2013), Vasterbotten and Norrbotten (Biofuel
Region, 2013). The difference in biogas potential with restrictions for these counties be
tween Linné et al (2008) and the mentioned studies were in total 0.4 TWh/year higher po
tential in Linnéet al (2008), which corresponds to about 0.4 % of the total biogas potential
with restrictions according to Linné et al (2008).

- 75 % instead of 60 % of the total biogas potential from food waste from households have
been assumed to be available for biggasiuction in the value for biogas potential with
restrictions. This is justified by higher performance infpeatment plants and increased
population size since the publication of Linné et al (2008).

- 35 % instead of 52 % of the total biogas potenti@afistraw have been assumed to be
available for biogas production in the value for biogas potential with restrictions. This have
been made according to Ahlgren et al (2017) where 2 TWh/year straw are considered to be
available for use outside the agricuitlsector.

The result of the regional potential with modified data from Linné et al (2008) is shdviguire

1. Some of the biogas potential from industries and rasiclurents couldn’t be reported on a re

gional basis in Linné et al (2008). This corresponds to 842 and 441 GWhl/year for the total biogas
potential and the biogas potential with restrictions, respectively, and are shown in a column called

i undef iFigueed. dmpartant to note is that energy crops or other biomasses that are not con
sidered to be residues have not been included in the figures. The result can be used as an indication
of the variaton and the amount of the potential for regional biogas production.
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Figure 1. Biogas potential for Swedish counties in GWh/year with and without technical/economic restrictions-re

spectively. Based on Linné et al (2008) withctualized and modified data regarding more recent regional potential

studies and general assumptions made regarding availability of food waste from household and straw. Biogas po

tential from industries and residual currents that of different reasons could nobe reported on a regional basis in

Linn® et al (2008) are shown in the column called Aundefi
biomasses that are not considered to be residues.

2.2 COMPILATION OF EXISTING AND PLANDIERAPRODUCTION
CAPAOY

A compilation of existing as well as planned biogas production capacity for each county in Sweden
has been made. Only biogas plants that have a biogas upgrading unit to produce biogas of vehicle
fuel quality have been addressed, meaning that mainlijesmeoduction sites of biogas that lack

this facility are not included in the compilation. For existing biogas plants allowed maximum bio
gas production due to environmental permit or information for the producer have been used to de
termine the produatin capacity of each plant. Planned biogas production capacity, both for ex
tended production at an existing biogas plant as well as establishment at new sites, documentation
from applications for investment support from the Swedish national financialrsggptems for
sustainable devel opment of #fADrive LBGO and dAKII
Energy Agency and The Swedish Environmental Protection Agency respectively have been used
along with contacts with national biogas actors.

The existing lbgas production capacity has been divided into capacity of compressed biogas (CBG)
and liquified biogas (LBG), respectively. For planned biogas production the amount of biegas pro
duced consist in part of biogas plants that change from CBG to LBG padbygtaddition of a lig
uefaction unit, meaning no effect in total biogas production amount, and in part of establishment of
new biogas production sites or extended production at an existing plant meaning a total increase of
the national biogas productiddlanned projects encountered in the compilation ranges from late
2021 until 2026 for start of operation. The planned projects included in the compilation are thus all
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rather nearby in time and can be considered likely to be realised due to rathereslataisils about
the establishments (see further discussion about the topic in chlapter

The result of the compilation shows a total biogas production capacity of about 3.6 TWih/year
Sweden during 2026 (s€égure2), where 2.1 TWh/year is existing capacity, and 1.5 TWh/year is
new capacity. Planned new production consists of about 1.3 TWh/year LBG and 0.2 TWh/year
CBG. Except new production facilities of biogas there is plans of investments for liquefaction
of existing CBGproduction into LBG, giving a total of 0.5 TWh/year replacement.

B Existing LBM production

B Planned LBM from existing CBG production
® Planned new production of LBM

®m Remanining CBG production after

implementation of planned liquefaction units

B Planned new production of CBG

75

Figure 2. Total existing and planned biogas production capacitfrom anaerobic digestionin GWh/year. Produc-
tion capacity divided into existing LBM production, planned new production of CBG and LBM respectively,
planned LBM production from existing CBG production and total remaining CBG production after implementa
tion of planned liquefaction units atexisting biogas plants.

¢

The existing and planned biogas production capacity differ considerably between different Swedish
counties (se€igure3). The greatest productigpotential, taking economicand technical re

strictions into account, as well as existing and planned production capacity is found in the counties
of Skane and Vastra Gotaland. In Skane, the production capacity is 790 GWh/year, where 425
GWhlyear is eisting, and 365 GWh/year is planned production capacity.

2 The production capacity refers to planned capacity that is expected to be in place 2026 in line with support
from Klimatklivet.
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Figure 3. Existing and planned biogas production capacity per county of Sweden in GWh/year. Production
capacity divided into existing LBM production, planned new productiax of CBG and LBM respectively,planned
LBM production from existing CBG production and total remaining CBG production after implementation of
planned liquefaction units at existing biogas plants. Each pile in the diagram shows the total biogas production
capacity (CBG+LBM) in GWhlyear per county if all actual planned investments in new production are realized.

The capacity, existing as well as planned, does rather fairly reflect the identified theoretical potential
of each county according to values recdiirethe actualized and modified figures from Linné et al
(2008) (see chapt@rl-Regional potential anigurel), in the sense that where the greatest poten

tial is identified also most production capacity are/are going to be installe&itpae4).

The theoretical biogas potential, with economical and technicaktasts taken into account and
energy crops and other biomasses that are not considered to be residual products excluded, is con
sidered to be about 2 300 GWh/year for the county of Skane (see ¢chafRegional potential
andFigurel). For Véastra Gotaland the production capacity is 656 GWh/year, whe®\8bdyear

is existing, and 302 GWh/year is planned production capacity. This can be compared to-the theo
retical biogagotential, taken restriction into account and no energy crops included, that shows a
potential of about 1 600 GWh/year (see chaptéRegional potentialindFigurel). According to

the theoretical potential with economical and technical restrictions there therefore is another 65 and
59 % more biogas that possibly could be produoedkane and Vastra Gotaland respectively (no
energy crops included). Overall, there is a considerable potential for an increased biogas production
in many of the Swedish counties ($égure4).
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Figure 4. Existing and planned biogas production capacity along with theoretical biogas potential with and with
out economicat and technical restrictions (Based on Linné et al (2008) with modificains. No energy crops or
other biomasses not considered as residual products included.) per county of Sweden in GWh/year.

2.3 THERMOAND ELECTROCHEMICAL PATHWAYS

Besides thavell-establishegbroduction process of methane through anaerobic digestion at biogas
plants there alsexists other possibledditionalfuture pathways to produce methaineSweden
from biomasgenewable substrateBhese processes consist;of

1 Production of methandroughchemical or biological methanation 60, (from for exam
ple CO, from raw biogas/anaerobic digestiard H (from electrolyses of water frone-
newable electricity production)

1 Production of methane through gasificatadrbiomass

According toJannash A (2017), existing biogas production from anaerobic digesters has-the po
tential to increase by 15% to 70% without the addition of additional substrates when electro pro
cesses are combined with existing digesters. The range is due to thatfdifféhent substrate
combinations give rise to differences in methane and carbon dioxide concentration in the biogas
produced. Raw biogas contains betweeb@% CQ depending on the type bfomass digested
(Chen et al., 2015). On average it is 39.20veSwedish conditions (Andersson et al., 2021), which
have been used in the calculations.

Theoretically all C@can be combined with hydrogen produced from electrolysis of water in a
methanation reactor. However, in the calculation a maximum of 95 reghe&6 % of the CQ
produced in year 2030 and 2045 have been. Usesl isbased on the:

I assumed total national biogas potential made in this study with techamdagéconomical
restrictions taken into account,

1 total production of biogaespectively amount of upgraded vehicle quality biogas that are
produced today (Energigas Sverige, 2021),
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1 assumption that all new production of biogas will be of a plant size making it possible to
produce electranethane as a complement and

1 that all exising biogas plants producing biogas of vehicle quality will be able to produce
electremethane as well.

In addition, 95 % availability of the plant has been considered, in accordance with Andersson et al.
(2021) and 5 % losses of € the chemical methatian (Chauvy, R et al.,2022)Vith the above
mentioned assumptiods? respectively 6.4 TWimethaneeryear could be produced from €O

from anaerobic digestigolantsin year 2030 an@045.Both chemical and biological methanation is
possible, but the chaical methanation process is at present more matatéhereforghe potential

has been calculated with data from chemical methanabespite being immature, biological

methanation is considered to be a promising technique in the future. Mainlyphssitile easier ep

eration (lower temperature and pressure), more stable (less sensible to impurities in the biegas), cata
lyst renewal is carried out continuously (only microbial growth is needed), intermittent operation pos
sible (fast startip) and lowe operation costs (Rafrafi et al. 2020).

For methane produced from gasificatiortyosyngas originating from gasification of residues of
lignocellulosic material from recycling stations (e.g., demolitions and package material including

pallets) is includedh the estimated production potential due to no, or little, competition of this

fraction for other uses. For residues from the forest, it is expected to be a high demand, as well as
market competition, for in the future fossil free society. AccordingedSwedish Environmental

Protection Agency (2018) there are 2 million tonnes of residues lignocellulosic material frem recy
cling stations available per year. Based on t he
would be corresponding to approxitely 3.5 TWh methane production per year (assuming 40 %

moisture content and a conversion efficiency of 60 %).

2.4 SUMMARY OF PRODUCTION POTENTIAL

To estimate the total bimethane production potential in Sweden, the potential from the three dif
ferent pathway; anaerobic digestion, methanation of excess CO2 from anaerobic digestion and
methanation of syngas from gasification, have been added togeth&alde?).
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Table 2. Bio-methane production potential for year 2030 and 2045 from anaerobic digestion and methanation of
CO2 from anaerobic digestiorr and gasification plants.

Bio-methane Bio-methane Restrictions regarding technical, economical and
production production sustainability regard

potential year potential year
2030(TWhlyear) | 2045 (TWhlyear)

Anaerobic Only substrates originating from manure, organic
digestion residues, straw and biomass fragoological focus
areas and fallow land are included.
Methanation of 4.7 6.4 95 and 96 % of the G&om biogas plants is used
CQ from to produce electromethane in the year 2030 and
anaerobic 2045 respectively, 95 % availability of plant and
digestion plants % losses of Gan the chemical methanation.
Methanation of 3.5 3.5 Only syngas from gasificatidrom residues of
syngasrom lignocellulosic material (e.g., demolitions and
gasification plants package material including pallets) is included.
TOTAL 22.2 28.9
* Value refesto year 2050 according to Borjesson (2021). We have assumesathevaluefor year 2045
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3DEMAND FOETBAQE I N SWEDEN

The information and analyses within this chapter is used to give a picture of the demand at present
for methane in compressed digid form in the main sectors road transportation, industry and
shipping. This information is thereafter used in order to build the demand scenarios in Ehapter

3.1 ROAD TRANSPORT

Demand for liquid methane (LBM and LNG) for road transport in Sweden has been reported annu
ally by Statistics Sweden since 2017. Demand for liquid methane increases every year-and is ex
pected to be around 0,10 TWh in 2021, wherestiege of LBM is expected to be around?60n

2021, as shown in the table below.

Table 3. LBM and LNG deliveries to road transport in Sweden according to Statistics Sweden (2021).

Year 2017 2018 2019 2020 2021*
LBM [tons] 72 94 781 2729 6615
[GWh]** 0.9 12 10 35 86
LBM (%) 22 30 47 49 62
LNG [tons] 257 225 892 2827 3729
[GWh]** 33 2.9 12 37 48
LNG (%) 78 70 53 51 38
Total [tons] 329 318 1674 5 556 9 894
[GWh]** 4.3 4.1 22 72 130
* Approximated
** Calculated

To put this in perspective, the energy consumption in Sweden is according to SO} a@iut 20
TWhlyear for the heavyehiclesegment.

Demand for compressed methane (CBG and CNG) in Sweden has been reported annually by Statis
tics Sweden since 2009. Demand for compressed methane increased until 2013 and has since stabi
lized where a certain decline can be indicated in 2020 while the share of CBG is expected to be
around 9%% in 2020, which shown iRigure5.
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Figure 5. CBG and CNG deliveries in Nm3 to road transport in Sweden according to statistics Sweden (2021).

Recently, the interest iglectricity-based drive chains as a core part of fefse# transportation in

urban environments has been steadily increasing, and numerous municipalities have begun a transi
tion from biofuels to electrification in their bus fleets. This has primarignbaursued in innetity
transportation systems thus far, and is apparently accelerating, in turn displacing compressed bio
gas and other biofuels (Martin et al, 2021). A similar development is also foreseen for passenger
cars.

Heavy trucks could run on LM which is a good alternative for many trucking companies search

ing for a low carbon fuel alternative. The costs for LNG/LBM fuel with the present costs structure
including taxes, subsidiaries etc has made LBM a cost competitive fuel with a good msdrall ¢
picture, especially for long haul trucking with high annual truck milage. There has however re
cently been a change and the historical price relations between methane fuels and diesel fuels now
differs with a cost increase on LNG that started mid 20@4n the cost for LNG per energy unit
suddenly increased and became significantly higher than the cost for liquid fossil fuels sueh as die
sel (Gasum, 2021).

The LNG/LBM heavy vehicles in Sweden have grown year on year since 2018 and also the growth
rate ncreases year by year. Present sales volumes lay around +100 new heavy trucks per year. Both
Scania and Volvo Trucks have a similar message, that over time, electrification and fuel €ell solu
tions will be the major sales part but also LBM and other swistare expected to have a role to

play within the heavy truck segment.

Within this study, we have collected data over registered heavy vehicles in Sweden over the years
with LNG/LBM as a fuel and looked through the already granted support from Klimatitide
DriveLBG. That, together with the present production and sales of LNG/LBM for the time period
have been analysed and future demand predictions have been made in this report.

An example of estimated future demand for LBG for heavy trucks is give@lih(2021) that with
an annual new sales share of 20% LBM heavy trucks from year 2021 and onwards, the annual
LBM consumption for heavy trucks year 2040 would be approximat@&ivi. Similar sales and
consumption scenarios have been made until 2045 ineibast.
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3.2 INDUSTRY

The amount of fuel that the industry used in 2019 and 2020 is approximately 81 TWh, of which ap
proximately 33% are fossil fuels. The figure below summarizes the amount of fuel used. (Statistics
Sweden, 2021)

LNG |
Natural Gas [}
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Oil (E01) |
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Figure 6. Fuel use in the Swedisindustry according to Statistics Sweden (2021).

Fossil fuel use in the industry in Sweden is around 27 TWh as an average of year 2019 and 2020.
The fuels that can directly be replaced with LBM are LNG, while natural gasecaplaced with
compressetdio-methane. The amount of LNG used in Sweden is approximately 1 TWh and the
amount of natural gas used in Sweden is 3 TWh as an average of 2019 and 2020.

Some industries have already started replacing oil, coal and coke withlggts, LNG or LPG
which then can be replaced with bitethane or LBM. There are also examples of industries that
want to replace LPG, oil, coke or coal with natural gas or LNG which then can be replaced with
biogas or LBM (Biogas Research Center, 2@ergigas Sverige, 2021d, Eklund, 2021). Other
industries such as Toyota has already replaced fossil fuels with LBM-ordiltane (Ostsvenska
Handelskammaren, 2021).

Industries, such as the steel industry, have plans to replace fossil fuels with slexthgidrogen

produced from electrolysis of water. Other industries have reviewed the possibility to reform bio

gas to hydrogen, where Hoganas is one such example (Rise, 2021). On the other hand, Perstorp and
several other industrial companies sees tlssipdity to use the carbon atoms in the biogas in their
chemical manufacturing processes (Secher, 2021). All in all, substantial amountradthane po

tential demand can be seen.

3.3 SHIPPING

This section gives an analysis of which segmentsrassel types can most easily be bunkered
over time with LBM and these volumes.
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In 2021, about 12 % of current newbuilds ordered have alternative fuel systems of which about 6 %
being LNG (DNV, 2021b). The mandatory reporting data for all ships withinth®BV system

is available for analyses and within the scope of current report; the MRV database for 2018, 2019
and 2020 has been linked with ship data from the HIS Maritime & Trade/&eadatabase. Based

on that material, the present and the trend for Md&sels and their consumption within EU waters
have been assessed.

It is a growing trend with vessels delivered with LNG as main fuel onboard and for 2018; 13 ves
sels were operative, in 2019 the number increased in total to 40 vessels and during @220 the
number was all in all 49 vessels (LN@riersexcluded as they are assessed being built with LNG

as fuel, taken from the cargo transported). These LNG vessels roughly consumed in total 1.3 TWh
(2018), 3.2 TWh (2019 and 3.9 TWh (2020). The LNG cam#ion was calculated to 25 TWh (or
approximately 0.8 % of total EU vessel fuel) LNG during 2020 out of approximately totally
470TWh bunker fuel within EU. Calculated energy consumption per vessel types can be seen in
Table4. These calculations shall be seen as estimates, since the available MRV data do not state
which fuel each vessel has actually consumed. We have used the assumption that all vessels with
the stateddel type 1 as LNG also reon LNG (se€Tableb). In reality, a certain part of this fuel

will be MGO and other liquid bunker fuels.

Table 4. Total energy consumption per vessel type within EU during 2020. Calculation made by authors of this
study, based on based on EU MRV statistics, SeaWeb database on ship information.

Container ship 156
Oil tanker 67
Bulkcarrier 53
Ropax ship 42
LNG carrier 35
Chemical tanker 34
General cargo ship 22
Roro ship 19
Vehicle carrier 15
Gas carrier 10
Refrigerated cargo carrier 6
Container/raro cargo ship 5
Passenger ship 5
Other ship types 4
Combination carrier 0.4
Grand Total 471

FDOS 28:2022



Table 5. Total energy consumption per vessel type within EU during 2020 for vessels with Fuel type 1 as LNG.
Calculation made by authors of this study, based on based on EU MR3tatistics, SeaWeb database on ship infor
mation.

LNG carrier 18.9
Gas carrier 2.3
Ropax ship 15
Oil tanker 0.9
Chemical tanker 0.5
Container ship 0.5
Passenger ship 0.4
General cargo ship 0.1

Other ship types 0.04
Grand Total 25

The ASwedi sh parto of marine fuel in total and

for example be calculated based on fuel bunkered in Sweden or by the consumption of domestic
ship movements together with an allezhpart of vessel movement between Swedish and foreign
ports. The Swedish Environmental Agency annually publish statistics on carbon dioxide emissions
that origin from marine fuel bunkerdéam Swedish supplierdased on this statistic on annual en
ergyconsumption within the transport sector in Sweden managed by the Swedish Energy Agency
(Energimyndigheten, 2021), which can be sedFignire7. Roughly 25 TWh bunkewugl is being
bunkered annually in Sweden. Bunkered volumes vary over time with both development of the ma
rine sector but also with the market conditions for bunkering and how competitive the different
bunkering locations are compared to other areashbatdssels pass during their operations. How
ever, the level of 25 TWh bunkered annually in Sweden can be seen as an indicator on total energy
demand from the shipping sector in Sweden. If for example 15% of the bunker fuel in a couple of
years ahead werelated to ships with LNG fuel systems, a bit less than 4 TWh LNG would be the
potential to replace with LBM.

[TWh]
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20
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Figure 7. Bunker fuel. Bunkered in Sweden annually during 1992019. The red dotted line indicates an approxi
mate level of annually bunkered volumes of 25 TWh during the latest years.
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Also, statistics on Swedish port calls have been analysed with the aim to understand if vessels fre
quently call port areas where also-methane production potential exists. Analysisased on port

call statistics (Swedish Maritime Administration, 2021) for year 2020 merged with vessel information
from SeaWeb database (2021). In order to understand where the largest need for bunker potentially
exists in relation to geography, tharsof installed engine power in KW during year 2000 (for the
ships), for each port has been calculated which is shoftigume8. The port areas can beropared

with the assessed potential for biogas production in seztlobRegional potentialshown inFigure

4. There is for example a good match between the highest potential for biogas production in Skane,
Vastra Gotaland and Ostergétland and the highest dense ports Goéteborg, Helsingborg, Brofjorden,
Malmd, Nyn&ghamn and Stockholm which is showrigure8.

n hare of [ship calls x engine power]Accumulated share

1 Goteborg 18% 18%
2 Helsingborg 8% 26%
3 Brofjorden 5% 31%
4 Malméd 4% 35%
5 Nyndshamn 4% 39%
6 Stockholm 4% 43%
7 Norrkoping 4% 46%
8 Gavle 3% 50%
9 Ystad 3% 53%
10 Tunadal 3% 56%
11 Trelleborg 3% 58%
12 Karlshamn 2% 60%
13 Halmstad 2% 63%
14 Stenungsund 2% 65%
15 Lulea 2% 67%
16 Husum 2% 69%
17 Holmsund 2% 71%
18 Oxeldsund 2% 72%
19 Visby 2% 74%
20 Sodertilje 2% 76%
21 Slite 2% 78%
22 Kappellskar 2% 79%
23 Karlskrona 2% 81%
24 Wallhamn 1% 82%
25 Varberg 1% 83%
26 Oskarshamn 1% 85%

Figure 8. The list shows the share of total annual sum of port call foressels multiplied with the installed engine
capacity (power) for the specific ship during 2020.
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4.1 POLICY INSTRUMENTS ON A NATIONAL LEVEL

The biomethane development in the Swedish tpanssector has been driven by a combination of
political instruments at a regional, national and EU level (L6nnqvist 2017). These include fuel
taxes, investment aid for production facilities, investment aid for distribution infrastructure, and aid
for thepurchase of gas vehiclesften governed by EU regulations.

The fuel tax consists of energy and carbon dioxide taxes and constitutes a significant part of the
price at pump for fossil fuels. Thus, the tax can be said to facilitate for renewable fuels,EElve
overcompensation rules place restrictions on this (ibid). Investment support such as LIP (Local in
vestment programs) and KLIMP (Climate investment program) have facilitated investments in bio
methane production and since 2015 there is an oppyrtorapply for support via Klimatklivet.

Support has also been directed at investments in distribution infrastructure as a complement to the
so-called the pump law which mainly favoured ethanol infrastructure (ibid).

However, the low predictability of thearious instruments initiated may have been unfavourable
for the biemethane development. The policy flora that affects biofuels in general amtthiane
in particular is changindmportant changes that are underway are described below.

4.1.1 State public ivestigations

Three Swedish state public investigations have been identified as having particular relevance for
bio-methane development:

1 Biogas market investigation (SOU 2019:63)

1 Governmental investigation regarding phase out of fossil transportation fuels
(SOU 2021:48)

1 Road to fossiindependent agriculture (SOU 2021:67)

The Biogas market investigation (SOU 2019:63) proposes many measures to suppeathbice
development. Most notably are a production subsidy and a production target. The produetion sub
sidy would be directed at Swedighmoduced biemethane and may be implemented instead of or in
addition to tax exemption. The production target is set at 10 TWimbtbhane/year produced in
Sweden by 2030. The target may be compared to the current pradegtbof approximately

2 TWh/year. Most of thdio-methane to be produced is seen to come from anaerobic digestion

(7 TWh/year) and the rest from gasification or electrochemical pathwalyd/f@year) (SOU

2019:63). The price of LBM for shipping in Sweden could decrease compared to the current levels
as a result of the production support. Shipgirgj is already tavexempedand the combination

with production support may make it more attirzeto use LBM in shipping.

The production support in the state public investigation is divided in three: production, upgrading
and liquefaction. In the budget approved by the Swedish parliament Novertih20224 a produc

tion support is included. The ggested production support would amount 500 million SEK during
2022 and 700 million SEK per year during 2023 and 2024. An evaluation or control station would
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be done 2024. The support level for 2022 would correspond to 0.25 SER/Kitiough the de

signof the support is not clear yet (December 2021) it appears be directed directly to biegas pro
duction (Parliament of Sweden 2021). Thus, the division in production, upgrading and liquefaction,
as proposed in the Biogas market investigation (SOU 2019:68)dwot be realised. The support

is proposed to last until 2040 and would thus be long term and predictable.

The governmental investigation regarding phase out of fossil transportatidipfogisses to

phase out fossil fuels from road transport and-ro@d machinery through decreased transport

work, strongly increased electrification, and an increased use of biofuels. This may be achieved
through a ban on passenger cars that run on gasoline and diesel. Thus, biofuels would then be avail
able for norroad machinery, aviation and sea transport. In the short term this may be negative for
certain biofuel markets, e.g. binethane in passenger cars, if sales of such vehicles are to be re
placed with electric vehicles by 2030.

The investigation foresees arcinased use of biofuels in transport by 2030 and later a decrease.
Heavy transport may be difficult to electrify and may thus require biofuels. If so, it is more feasible
to introduce LBM in this vehiclieetcompared to other types of vehicles. The itigasion evalu

ates a possible increase of the bonus to environmentally friendly trucks and working machines. It
also evaluates if it may be expanded to other vehicles. The investigation also suggestsdotphase
fossil fuel taxrefund for working machirgin agriculture and forestry (same as the investigation
regarding anonfossil dependent agriculture).

Furthermore, the investigation states that Sweden should pusie felnipping sector to bie-

cluded inthe ETS (which would be very positive for remables and LBM). The investigation

states that Sweden should work for that the energy tax directieeisedso that the possibility to

give tax exemptions for domestic sea and light transport is removed and the obligation to give tax
exemption for intemational flight and sea transport is removed (which would be very positive for
renewables and LBM).

The governmental investigation of an agriculture independent of fossfl uglgest that the sup

port to biogas production from stable mafiuseprolonged just as the abedescribed investiga

tion does. The investigation proposes several other measures that may be positive for Swedish bio
methane development: subsidies to-mmethane and biofertilizer production, tax on imported-min

eral fertlizer, phase out tax refund for fossil fuels in agriculture, also, premiums to biofuels other
than biemethane. However, the document discusses that there are no suitable working machines
on the market that runs on bieethane and bimethane is in this edext discussed together with
hydrogen and electricity.

3 Assuming an edgl distribution over the existing production ap. 2 TWh (excl. landfill gas).
4 Swedish: UtfasningsutredningeSOU 2021:48

5> Swedish: letankande av utredningen om fossiloberoende jordi8@®U 2021:67)

6 Swedish: stodet till produktivav biogas fran stallgodsel
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Table 6. Main proposals of three governmental investigations with focus on their consequences fo-methane.

Proposal Concrete | Biogas in LBM sea
proposal general transport
SOU 2019:63
Production target + + 0
Production support + + 0
Support toupgrading of biemethane + + 0
Support to liquefaction of bianethane + + +
SOU 2021:48
Use electrification in road transport and make biofuels available for s¢ 0 0/- +
transport, work machines and aviation
Anticipates an increased uselmibfuels by 2030 and later a decrease - + 0
Discusses difficulties to electrify heavy transport - + 0
Evaluate bonus for environmentally friendly trucks and work machine 0 + 0
Phaseout fossil fuel tax refund in agriculture + + 0
Sweden shoulghush in EU for including sea transport in ETS + + +
Sweden should push in EU for changing energy tax directive removin + + +
exemption for fossil fuels in sea transport and aviation.
SOU 2021:67
Direct subsidies to bimethaneproduction + + 0
Direct subsidies to biofertilizer production + + 0
Tax on imported mineral fertilizers + + 0
Phase out tax refund on fossil fuels in agriculture + + 0
States that there are noon road mobile machinesuitable for bie - - 0
methane on the market

4.2 INTERNATIONARIOLICY INSTRUMENTS

Although there are no policy instruments on a global level that directly targets shipping, numerous
interventions are discussed among the Marine EnvironRretgction Committee (MEPC), the-In
ternational Maritime Organi z atproteaidh3he(MOMaE) ¢ o mmi
adopted an initial climate strategy as a step towards their target of reducingngusergas emis

sions (GHGs) by 50 % in 30 compared to 2008 (IMO 2018a). In this climate strategy, multiple

measures are proposed, divided into stemrn, mediurderm and longerm actions according to

the following intervals (IMO 2018a):

9 Candidate shoiterm measures have a planned implemantdietween 2018 and 2023, if
accepted. Examples of such measures are incentives for early adapters, analysing the use of
speed optimisation and reduction, encouraging the development and update of national ac
tion plans, the Energy Efficiency Design Ind&EDI) and the Ship Energy Efficiency
Management Plan (SEEMP) who both imply improvements in energy efficiency among
new and existing ships

I Candidate migerm measures have a planned implementation between 2023 and 2030 if
accepted. Examples of such measuare new or innovative reduction mechanisms-to in
centivise GHG reductions, an implementation programme foicknvon and zeroarbon
fuels and operational energy efficiency measures for both new and existing ships
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1 Candidate londerm measures have lmpned implementation beyond 2030. Examples of
such measures are facilitating the adoption of new or innovative emission reduction targets
and pursuing the development and supply of fdesd or zerecarbon fuels to promote de
carbonisation of the shippy sector in the second half of the century

Some of the shotterm proposed measures concerning energy efficiency, such as the Energy Effi
ciencyDesignindex(EEDI) and the Ship Energy Efficiency Management RBIBEEMP) are al

readyin force Duetheir primary focus on energy efficiency, the measures have indirect effects on
GHG emissions. Thus, additional shtetm measures were adopted at the S&ssion of the

MEPC, such as the Energy Efficiency for Existing Ships Index (EEXI), improvemettis $hip
Energy Efficiency Management Plan, an operational Carbon Intensity Indicator (Cll) and-a classi
fication tool (MEPC 76/7/2 IMO, 2021). Technical and operational measures related to the design
of the Carbon Intensity Indicator (Cll), Energy Eféncy for Existing Ships Index (EEXI), and

Ship Energy Efficiency Management Plan (SEEMP) was adopted at'thEBC meeting in

June 2021. The aim of the measures is to decrease the GHG emissions per unit of transport work by
40 % until 2030. At the 7TMEPC meeting in November 2021 it was agreed to initiate the revision
of the Initial IMO Strategy on Reduction of GHG Emissions, to be finalized in dDRY/,

2021d).

Multiple marketbased and regulatory measures are submitted to the MEPQnignitiser states

and norgovernmental organisations (NGQ@s) to promote achieving the adopted target for 2050.

The discussion concerning the suggested measures are encouraged to be completed as soon as pos
sible, but no later than 2023. Discussions regartfiagnitial climate strategy are further encour

aged to be processed within the same timeframe (MEPC 75/18, in 7.71.41 andi7INIK46

2020). As a part of the general discussions, several suggestions have been submitted within IMO/
MEPC. Among them arearbon price mechanismeyiesfor bunker fuels, emission trading sys

tems and regulated GHG emissions from fustepe and ambition vary throughout {h@post

tions,and some are described in less detail than others. Among them is the emissiopsysadin

tem presented in the Norwegismbmissior(2021) which is similar to the layout in the Norwegian
submissiorfrom 2010 (60/4/22 2010) and the Gernsabmissiorfrom 2011(63/5/9). Emission
reductions both within and outside the sector could be inclundix® Norwegiarsubmissiorfrom

2010. A gradual implementation was suggested for this system, with thefomgoal of incluel

ing all emissions in the auctions. The most notable difference in the system suggested by Germany
in 2011 is that alemissions would be included already in the initial scope of the system, but with a
more generous boundary in the beginning. A review performed by a workingestaigished by

MEPC (GHG-WG 3/3/7), concluded that the administration costs only compriseton of the

total costs of an ETS and that they are alike the administrative costs of otherlnaademecha

nisms if they require monitoring and supervision of ships and reporting on emissions and/or fuel
consumption.

Similar to the EU ETS (where cadsred revisions are described4i2.3, there are severalre
gional carbon trading systems in China and a pilot for a natida system was initisded in Feb
ruary 2021. The price of emissions within this trading system is thus far unknown (Ministry of
Ecology and Environment, 2021). This system might be expanded to further include shipping
(SPLASH247, 2021).
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Along with an expansion to include shipg in the EU ETS, another initiative to regulate emis
sions from shipping is under development by the Commission. The initiative is called FuelEU
Maritime’ and is one of many measures with the aim to achieve carbon neutrality in the EU by
2050. Its purpse is to promote the transition to alternative fuels with low or zero GHG emissions.
The FuelEU Maritime is part of the FitFor55 package (mentioned in sekfdb, in which the

Energy Taxation Directive (2003/96/eg) is also included, which in turn affects how marine fuels
could be taxed.

The revision of 2014/94/EUs another instrument affecting the conditions for the market penetra

tion of LBM. The fuels include in the directive are liquid biofuels, electiiels, sec al | ed A decar
boni sed gasodo (i ncl udimgthahe)apdiliguidifuelsisuch asammogia and e |
and methane that are produced from hydrogen. The directive promotes\alifg@erspeote

(well-to-wake) and includes methasel i p. Moreover, it includes the
tion of their time in a harbour. Tgllipe emissions are also highlighted. The following concrete

items are additionally investigated:

1 Support measuresming at boosting market uptake of sustainable alternative fuels (e.qg.
facilitating access to funding, differentiation of port fees, etc.);

1 Prescriptive requirements on blending/definition of the share of sustainable alternative
fuels and/oshoreside electricity to be used by ships in operation and at berth;

1 Goalbased performance requirements on the caittemsity of energy used in marine-op
erations and at berth, not prescribing the type of fuels to be used.

4.2.1EU- Fit for 55

Currently a pbcy packagd Fit for 557 is beingnegotiatedhat affects EU policies. The Fit for 55
package aims for a 55 % reduction of GHG by 2030 compared to 1990.

Fit for 55 will revise the entir&U 2030 climate and energy framework. The policy package aims
at achieving the goals of the climate law that was launched in the EU green deal, i.e. a 55-% net re
duction of GHG compared to 1990 level and climate neutrality by.2050

The most notable and relevamwbposedthanges for LBM in sea transport (Energigas Seerig
2021b):

1 Include sea transport in ETS. Starting gradually 2023 and fully phased in by 2026.

1 Ships above 5000 gross ton are included.

1 Includes emissions from ships travelling witlib) and 50% of voyages to/from EU and
third countries

1 Will continue to count emissions from biofuels as zero.

The fact that emissions from biofuels within the ETS system are counted as zero while emissions
from passenger cars and light duty vehicles are counted the same way as fossil fuels is perceived as

7 CO2 emissions from shippirigencouraging the use of legarbon fuels (europa.g02104-14.
8 EUR-Lex - 3201410094 EN - EUR-Lex (europa.eu)
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https://ec.europa.eu/info/law/better-regulation/have-your-say/initiatives/12312-FuelEU-Maritime-
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=celex%3A32014L0094

a contrdiction by e.g. Energigas Sverige (ibid). However, it may also be seen as a way to steer the
usage of biofuels from passenger cars to other sectors, in line with the reasoning of the Swedish
Governmental investigation regarding phase out of fossil tratadjmor fuels (SOU 2021:48).

Thus, giving priority to use biofuels in sectors that are more difficult to electrify. This may be posi
tive for the availability of LBM in sea transport.

The package algoroposes revision of the energy tax directive (ETD)iethimplies minimum

taxes for different fuels. In brief, the revised ETD proposes four different categories of fuels each

with a certain minimum tax. Category one is for fossil fuel implying the highest tax level. Category
two is for sdumedlsloed ufcthr arss intaitaimr al gas .- Biogas
ing the lowest tax level (ibid). Thus, the revision of ETD will give natural gas a better status as a
transitional fuel but not as attractive as biogas-(b&hane). More importantly, timevision would

end the tax exemption for fuels in sea transport (DNV, 2021c).

The fit for 55 also includes a revision of alternative fuels infrastructure regulation. This revision
would mean that ports in the TEN core network must supply shore sideagticity by 2030 and
LNG by 2025for passengerand container ships

The renewable energy directive (RED II) is also suggested to be revised withitféh&5 package.
The target share for renewable energy is increased from 32 % to 40 % by 2020targkth for
transport are reformulated so that they focus on emissions reductions rather than share of renewables.

4.2.2EU- CEEAG

The Climate, Energy and Environmental Aid Guidelines (CEEAG) regulates the state aid that may
be given to environmental protection and energy. CEEAG has a tail pipe focus (as opposed to a
LCA focus) and, as a consequence, biogas and other transportsigillabt be able to maintain

their tax exemption that they currently enjoy in Sweden. This is criticized by e.g. Energigas
Sverige, 2021b. It may however signify that more LBM is available for sea transport as discussed
in sectiond.2.1above.

4.2.3The EU Emissions Trading System (EU ETS)

On an EU level, instruments are under development that aim to affect GHG emissions from ship
ping and are likelyo beimplemented before any measures are realised on a global level
(Worldbank, 2020%°.

9 The TransEuropean Transport Network (TEN policy addresses the implementation and development of
a Europewide networkof railway lines, roads, inland waterways, maritime shipping routes, ports, airports
and railroad terminalsSeehttps{/transport.ec.europa.eu/transptivtmes/infrastructurand
investment/tranguropeartransportnetworktent_en

10 China's emissions trading system will be largest when operational.
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https://transport.ec.europa.eu/transport-themes/infrastructure-and-investment/trans-european-transport-network-ten-t_en
https://transport.ec.europa.eu/transport-themes/infrastructure-and-investment/trans-european-transport-network-ten-t_en

Presently, the EU Emissions Trading System (ETS) includesblaseld energintensive industry
and EUbound aviation and is thus the most extensive carbon pricing msehamthe worldt
(Worldbank, 2020). The EU ETS jisoposedo further expand and to be gradually implemented
for shippingasfrom 2023. The final design of the implementation is, not yet finally established,
but expected to be implemented during 22B26

There are important aspects to consider for the implementation of the EU ETS in shipping: the geo
graphic extent, the regulated entity (i.e., who should regmatipay, what GHGs should be included,
what ships should be included and whether (and ifwlesn) an innovation fund should be imple
mented. The different design parameters are preseniedla’. Moreover, the price of the emis
sionsallowancesffectthe results of implementing EU ETS in shipping (Zetterberg et al, 2021).

11 China's emissions trading system will be largest when operational.
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Table 7. Overview of design aspectsfamplementing the EU ETS for shippingas proposed by the European Com
mission Based orZetterberg et al. (2021) and updated in line with European Comission (2021) proposal on
implementation.

Geographical a) InternatEU: Ship emissions within and between EU/EEA member states.
coverage b) All international: Option (a) plus journeys from EU/EEA ports to the first port of c:
4 options of which outside the EU/EEA and journeys to EU/EEA port from the last port of call outsid
option ¢ hasheen the EU/EEA

proposed. c) Part of international: Option (a) plus 50 % journeys from EU/EEA ports to the firs

port of call outside the EU/EEA and 50 % of journeys to EU/EEA port from the la
port of call outside the EU/EEA

d) InternatEU + all inbound journeys: Ship emissianthin and between EU/EEA men
ber states plus journeys to EU/EEA ports from the last port of call outside the EL

Regulated entity 4 Ship owner, ship operator, transport buyer or fuel supplier
options of which the

shipping companys

suggested to be the

responsible part

Allowance allocation a) Auctioning
mechanism 4 options b) Grandfatheringemission rights free of charge based on historical emissions)
of which option a has c¢) Benchmarking, based on output, for instance-an or passengekm (possibly one
been proposed. benchmark per sulsector)

d) A mix of (a), (b) and (c)

Included greenhouse  CQ

gases,1 option
Covered ship Covered:
categories,1 option Ships above 5 000 gross tonnage
Voyages for transporting cargo or passengers for commercial purpose
Container ships, bulkers, general cargo shipsprdaankers and ferry boats
NOT COVERED:
Ships below 5 00gross tonnage
Voyages for purposes other than transporting cargo or passengers for commercial
purpose
e.g., fishing ships, war ships, wooden ships and ships not propelled by mechanical r
Time frame of imple Incrementalimplementation from 2023 (Energigas Sverige 2021)
mentation

* In line with European Commission (20ZIhe person or organisation responsible for the compliance with the
ETS should be the shipping company, defined as the shipowner or angrgdm@sation or person, such as the
manager or the bareboat charterer, that has assumed the responsibility for the operation of the ship from-the
owner and that, on assuming such responsibility, has agreed to take over all the duties and resmisiiplised
by the International Management Code for the Safe Operation of Ships and for Pollution Prevention.

Recentlythe Swedish Environamtal Protection Agency (Naturvardsverket 2021) has announced
changes regarding in relation to EETS and thepossibility to purchase biogas through the natural
gas pipeline. Thus, it is possible to purchase biogas produced in one location/country and extract
the equivalent amount of gas in another location/country and count this as biogas within the EU
ETS system
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4.2 .4 Current debate

Currently Fit for 55 is being discussadd negotiated by the institutions in BY described above.
Other suggested changes in the EU policy framework conGameral Block Exemption Regula

tion (GBER), among other issues. Thegulations would be changed so that the size of biogas

plants that may receive state aid is decreased. Currently it is allowed to support plants that have a
capacity smaller than a) ®0O0 tons per year (production volulfef biogas is used as vehicledl

or 500 kW (biogas production) if used for other purposes. This limit may be reduced to 400 kW re
gardless of purpose if the discussed changes is realized (Energigas Sverige 2021c).

Other changes discussed in GBER are based on a tail pipe perspeetigeemissions and green

house gases from fuel production not being accounted for, thus a disadvantage for biogas solutions,
including LBM. The suggested changes in particular and the tail pipe perspective in general is
strongly criticized bye.g.,Energiga Sverige (ibid).

1250 000 tons of LBM equals around 650 GWh per year.
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SSCENARI ®DISOETGRANE ASNUIP PDEEMA ND

Supply and demand fdwio-methaneare to some extent dependent on each other's development be
cause supply does not increase if there is no demand and vice versa. Interaction is required in sev
eral areas to increase supply and demand where there may be barriers that hinder development. For
example Energiforsk(2021) states that the biggest barriers to increasing stgphydrogen, elec

tricity and biemethaneare institutional, regulatory, drsocietal barriers and that there are also fi

nancial and technical barriers that can hinder development, while regulatory and financial are the
biggest barriers to bimethane.

The scenarios for demand presented in this report builds upon data arfatgdiscted data and
information as well as earlier studid$e absolute consumption levels of LBM in heavy trucks,

within shipping etc over time, in the three demand scenarios presented in this study shall be seen as
possible outcomes depending on theditions described for each scenario.

5.1 PRODUCTION CAPACEDPPLY)

Scenarios for production capacity are based on how inioetmethanehatcan be produced from
plants that produdeio-methanevia digestion anélectrochemical pathwaysither as. BM or
compresse@€BM.

5.1.1Scenario 1

Scenario 1 is assumed to be the current situation in Sweden with tax exempliomfiethane as

CBM or LBM used in road transport and industry as well as production suppbibforethane

produced from manure. The curraituation is not considered to change, which means that the

economic conditionfor biogas productiodo not change, which in turn means that biogas produc

tionin Swederis not expectedtoincreadet 6 s assumed t hat ECBMctrochem
and eLBM) are not developed.

5.1.2Scenario 2

Scenario 2 assumes tlegbroduction supporchemas introduced for the production bfo-

methanegegardless of area of use, which means that production is expected to increase until 2045.
e-LBM that uses carbon dioxideparated from biogas together with hydrogen is also included

where itds assumed that they are constructed cl

5.1.3Scenario 3

Scenario @ and 3kassumes that production supprhemas introduced for the production bfo-
methaneaegardless of area of use and that the economic conditimmgh effects from other pol

i ¢ yid Ise even better than scenarios 1 and-€BM and eLBM that uses carbon dioxide sepa

rated from biogas toget her wassurhedthatthayargeam i s al
structed close by existing biogas plant. Regulatory issues that delay the permit process for bio

methane facilities is shortened which means that more plants could be built each year in order to
increase the production capacity.d s assumed that the regulatory a
which means thathe productioncapacityis expected to increase significantly until 2045
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5.2 DEMANDFROM DIFFERENT SECTOR

Demand, as potential within earlier studies, has to a large extenekpected to come from road
transport (Hjort et al, 2019). Reason is mainly that with current market conditions, LBM produced
for shipping will come with a much higher sales price compared with fossil alternatives (LNG),
which is also reflected in the fiaibhat total transport costs can increase at levels &6 40/innes et

al, 2019) switching from LNG to LBM. However, a change within the cost structure and competi
tiveness of renewable fuels within the shipping sector has just begun which likethavithe the

whole picture (sesectiond. Policy instruments and other means for imhnation of LBM in

shipping.

There are studies that forecast relatively high demand ehbtbane in Sweden and others that
show a more modest demand depending on the conditions that are assumed. For example,
Energiforsk (2021) forecasts that the demand for natural gas antetii@ane may be around-22

TWh 2045 for the transport sector an@ ZWh 2045 from industry, half of which is imported.-An
other example is SWECO (2021), which forecasts a slowly groséngand of approximately-2

TWh from the transport sector of which approximately 0.4 TWh would come from shipping during
2045 depending on the degree of electrification.

The scenarios that are built within this study consider the Swedish market and wdrars to
shipping the demand for vessels bunkering in Sweden. The starting point for scenarios present con
sumption of LBM and CBM.

The low and conservative scenario is mainly based on the assumption that limited suppott for bio
gas production is implemésd and that LBM, in general, remain too expensive for the shipping
sector. The moderate expansion scenario assumes that the domestithzioe production contin

ues to increase with some support via incentives and that the industry that alreadydssedxp
interest in biemethane continues to increase and that the shipping sector that has shown interest
already in LBM find ways to finance the switch also with support from the incentives now under
discussion such as ETS etc. The expansive scenagotsefl strong future focus from society to
make use of the bimethane potential that is shown and discussed in s&ttRmoduction

potential of biemethane in Swedeiffihe three scenarios for demand are further described below.

5.2.1Low and conservative scenario

The reason behind the low aodnservative scenario is to show a possible scenario for how a lim

ited increase in Swedish biogas production can be shared between the sectors heavy trucks, CBG
vehicles, shipping, industry and other. The scenario is mainly based on the assumptiontdidat li
support for biogas production is implemented and that LBM, in general, remain too expensive for
the shipping sector. It is also assumed in the scenario that the demand for CBG in the light vehicles
sector will continue to decrease. The already statéanand within the heavy truck sector is as

sumed to continue until 2030 driven by sales of new heavy trucks. After 2030 it is assumed that
sales of new heavy trucks will be all battetectrical or fuelled with hydrogen. The demand in the

industyandbher s is just assumed to remain at todayo
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5.2.2 Moderate expansion scenario

The reason behind the moderate expansion scenario is that production of CBG and LBM continue
to grow driven by incentives with finance support for new plants but also impleinardgad con
tinuation of production support such as the recently decided governmental support. Alse, the im
port of biogas is assumed to continue. The increase of the demand is driven by similar reasons in
the different sectors such as the possibilityneet decarbonisation targets, costs for emission trad
ing allowances for replaced fossil fuels and similar. But demand will also come from the need to
produce hydrogen where biogas can be a solution for sites where availability of electricity is a scar
city or just a competitive source for hydrogen production. Within shipping, the demand of LBM is
driven by reasons such as the strong will to decarbonise shipping that major Swedish shipping
companies, today using or planning to build LNG ships, has expriesdigdct dialogue with the

project team of this report. The increase of LBM in shipping will also be supported by the cost re
duction of the fuel switch cost when shipping has been implemented into the European Emission
Trading scheme (sek2.3.

It is also assumed in the moderate scenario that the domestic biogas production continues to in
crease with some support via incentives and that the industry that alesadygnessed interest in
biogas continues to increase and that the shipping sector that has shown interest already in LBM
find ways to finance the switch also with support from the incentives now under discussion such as
ETS etc.

5.2.3 Expansive scenario

The reaon behind the expansive scenario reflects a strong future focus from society to make use of
the biogas potential that is shown and discussed in séttibis however not assumed that the full
theoretical potential to produce up to around 30 TWh of LBM during 2045. Instead, a production of
approximately half of that potential is assumed to be materialised driven by strong incentives im
plemented fron society for building production capacity and supporting production. Also, a strong
will and need within all sectors to limit greenhouse gases drives the demandfogth&Ene. In

addition, the scenario is based on the assumption that all the sedoidino shipping will be

forced to meet even stronger regulations and policies such as higher costs for GHG emissions as
well as strict duties to reduce.

5.3 SCENARIOS IN FIGURES

Based on the information gathered and analysed in relation to present and plaxiseton and
demand of biamethane, different scenarios have been built based also on the assumptions de
scribed for the production and demand scenarios respectively (see Sectnd5.2)

5.3.1 Supply scenarios

The supply scenarios described in seclidins shown below for year 2021, 2030 and 2045 respec
tively.
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2021

Year2021 is the starting value andrresponds tthe production capacity from existing plants in
Sweden. The production capigdior all scenarioss equal and ispproximately 000 GWh for

CBM and approximatel00GWh for LBM facilities, while there is no production capacity for the
electrochemical routes, whidh total corresponds to a production capacit2df00GWh / year
Figure 9 below shows the scenarios which for 2021 all show the same production capacity.
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14 000
12 000
10 000
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6 000

4 000

0

Scenario 1 Scenario 2 Scenario 3a Scenario 3b

H CBG LBM me-CBM me-LBM

Figure 9. Production capacity for LBM and CBM. Dark blue colour indicates CBG production and green colour
indicates LBM production. There is no eCBM or e-LBM production capacity in 2021-

2030

Year2030 has thgroduction capacitincreasedor all scenarios but has also decreased for the
CBM capacity and increased for LBM capacitie transition fronCBM to LBM happens be
cause thelemand has decreasied CBM and that producetherefore are assumedhave
switched fromproducing CBMto LBM.

The production capacity is approximatéys00GWh for CBM for all scenariognd approximately

1 5003 900GWh for LBM for the scearios where scenario 1 is the lowest and scenario 3b is the
highest. Theproduction capacity for the electrochemical rousestill moderate and corresponds to
50-160 GWh

The increase in production capacity corresponds to a yearly increase in prodap#oity from
the year 2022030 of:

1 90 GWhl/year for scenario 1
1 160 GWhl/year for scenario 2 including electrochemical pathways and 150 GWh/year ex
cluding electrochemical pathways.
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0

240 GWh/year for scenario 3a including electrochemical pathway23h@&Wh/year ex
cluding electrochemical pathways.

370 GWhlyear for scenario 3b including electrochemical pathways and 350 GWhhAyear ex
cluding electrochemical pathways.

Scenario 1 Scenario 2 Scenario 3a Scenario 3b

m CBG LBM me-CBM me-LBM

Figure 10. Production capacity for LBM and CBM. Dark blue colour indicates CBG production, green colour in
dicates LBM production, blue colour indicates eCBM and orange colour indicates e.BM production capacity.

2045

Year2045 has theproduction capacitincreasedor all scenarios except scenario 1, the reshef t
scenarios has also decreased production capacity for the CBM but instead also an increased LBM
capacity The transition fronCBM to LBM is due to the fact thaihe demand has decreasied

CBM and that producetherefore are assumedhave switched fromroducing CBMto LBM.

The production capacity is approximatél¥)00GwWh for CBM for all scenariognd approximately

1 50019 000GWh for LBM for the scenarios where scenario 1 is the lowest and scenario 8b is th
highest. Theproduction capacity for the electrochemical rousasioderate for scenario 2 and-cor
responds to 300 GWh and higher for scenario 3a and 3b and corresponds to 6 900 respectively
7500 GWh.

The increase in production capacity correspondespanding to a yearly increase in production
capacity from the year 2032045 of:

1
1

-50 GWhlyear for scenario 1

200 GWh/year for scenario 2 including electrochemical pathways and 180 GWh/year ex
cluding electrochemical pathways.

1 600 GWhlyear for scenari@3ncluding electrochemical pathways and 900 GWh/year
excluding electrochemical pathways.

1 600 GWhl/year for scenario 3b including electrochemical pathways and 800 GWh/year
excluding electrochemical pathways.
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Figure 11. Production capacity for LBM and CBM. Dark blue colour indicates CBG production, green colour in
dicates LBM production, blue colour indicates eCBM and orange colour indicates e.BM production capacity.

5.3.2Demand scenarios

The denand scenarios described in secttois shown below for year 2021, 2030 and 2045 re
spectively.

2021

Year2021 is the starting value aodrrespond totheexisting demanéh Sweden.
[GWHh]
14000
12000
10000
8000
6000
4000 I I I
2000
, 1N ] ]
Low and conservative Moderate expansion Expansive scenario

B BM Trucks B 1 BM Shipping B [BM Industry
B CBG Vehicles CBG Industry M Other

Figure 12. Demand scenarios for year 2021.

2030

Year2030 has thedemandncreasedor all scenarios but has also decreased from the CBG vehi
cles. The transition fronCBM to LBM happendecause thdemand has decreasied CBM for
vehiclesandincreased for the rest of the sectors
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Figure 13. Demand scenarios for year 2030.

2045

Year2045 has thgproduction capacitincreasedor all scenarios except the laamd moderate see

nario, the rest of the scenarios has also decreased or nonexistent demand from the CBG vehicles.
The demand fotBM for shipping, industry and heavy trucks is ab®&t TWh per sector in the
expansive scenario. The demand for CBM for tiwustry is also around 3.5 TWh.

[GWh]
14000 ]
12 000
10000
8000 ]
6000
4000 ]
o -
0
Low and conservative Moderate expansion Expansive scenario
B LBM Trucks H LBM Shipping M LBM Industry
CBG Vehicles CBG Industry W Other

Figure 14. Demand scenarios for year 2045.

5.3.3Scenarios conclusion

Depending on the different levels of interest from society to support the production as well as the usage
of LBM, very different future outcome can be expected in form of produced and consumed volumes.
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The possible scenarios for production scenarios show that significant amounts of renewable bio
and electro methane can be produced and made available to the differentsseti@s transporta
tion and industry in form of compressed and liquified methane.

Analysing the demands in the different sectors shows also that similar amount of LBM can be con
sumed. All in all, an expansive production increase could be matched migimdie and vice versa.
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6LI FE CYCLE ASSESSMENT AND Cl1
FOR LBM

Assessing the environmental sustainability of fuels can be done with various different intents and
purposes (Heinrich, 2010). Material requirements, energy requirements, ancheavital emis

sions vary depending on the technologies used for LBM production and other fuel produetion pro
cesses. These aspects, in turn, affect the results of environmental assessments. Different materials
have different environmental impacts, such ifferegnt levels of greenhouse gas emissions, and so
called "upstream emissions" from electricity used or metal mining vary between choices. The envi
ronmental impact from some of the LBM production pathways in this report issatalblished,

and others hae not been fully assessed for the Swedish context before. This chapter investigates
the environmental performance of the LBM pathways and tries to establish some general guidelines
for consideratiorwhen using LBM in shipping. First, results when considgthe European Re

newable Energy Directive (RED I#recalculated. Then a life cycle assessment of some of the pro
duction pathways is presented to provide more insight to the environmental performance of LBM
produced in Sweden in the future.

6.1 EURENEWABLE ENERGY DIRECTIVE (RED II)

The EU directive RED Il directs biofuels and renewable fuels in Europe and covers gaseous bio
mass fuels such as bimethangEuropean Commission, 2018)is a political document with the

primary purpose of driving legjation to benefit fuel production from more sustainable biomass
streams, i.e., biomass streams that do not compete with food crops or other alternative uses. It sets
goals for reductions of climate impact compared to fossil fuels (set as a default gf@a@,

eq/MJ). For the future scenarios discussed in this report, savings of 65 % compared to the-fossil de
fault are mandated. In part, it includes annexes with default GHG values for steps in the biofuel
production pathways: cultivation, process, tpors and distribution. Specific numbers for specific
plant production are encouraged, but these default values can give a general overview of the GHG
savings.

6.1.1 RED Il calculations for LBM

GHG estimatesfosome LBM pathways were calculated using the defalites in Annex VI of
RED Il (European Commission, 2018}he calculation for GHG emissions frggroductionwas
therefore calculated using the following formula:

E=-ecta+ e+ ead+ a7 esca €ccsZ Eccr,

Where:

E = total emissions from th@roduction of the fuel before energy conversion;

e.c = emissions from the extraction or cultivation of raw materials;

e = annualized emissions from carbon stock changes caused hysemtiange;

& = emissions from processing;

&q = emissions from transpt and distribution;

e, = emissions from the fuel in use;

&sca= €mission savings from soil carbon accumulation via improved agricultural management;
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€:cs= emission savings from G@apture and geological storage; and
€cr = emission savings from G@apure and replacement.

Emissions from the manufacture of machinery and equipment are not considered. For animal ma
nure used as substrate, a bonus of 45 g0 manurei( 54 kg CQedt fresh matter) is added for
improved agricultural and manure managemRE&D Il dictates emission factors for electricity
supplied from the grid at the regional grid average. The average value for Sweden today is approxi
mately 14 g C@.{MJ, including upstream emissions and trading. Electricity supplied via a direct
connetion to a power generating installation may use the emission factor of that installation. Wind
power with 0 g C@e{MJ power is assumed in the present work.

How e is to be treated in the case of carbon dioxide utilized from the biogas upgradéull/not
clear in the RED Il directive, as this could be seen as an increased yield of-thetbame plant

and therefore to be considered as the same process. To not give unjust benefit to the electrofuel
pathway, we considetgto be zero in the reporalculations.

Thereby, the following terms are assumed to be zero in the present work:

@: waste material used as input in the biomass process.
excs N0 permanent C{rapture and storage
e no fossil CQis directly replaced

e,: assumed to be zero fhiogenic and electrofuels

LBM, wet LBM, wet LBM, Biowaste, LBM, biowaste,
manure, close manure, close  close digestate, close digestate, LBM, biogas
digestate, no off- digestate, off-gas no off-gas off-gas upgrade, electric
gas combustion combustion combustion comb ustion pathway
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Figure 15. Calculations of three different LBM production pathways based on RED I, assuming Swedish electric
ity grid for support systems and fully renewable electricity as the main input foelectric pathway.
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The figureaboveshows the results from the calculations based on REWbte that the results

from the GHG emission calculations do not include fuel use at sea, details on biowaste gathering,
or capital goods. Most of the pathways nteet65% reduction requirement (noted by the dashed

line in the graph). These are default calculations based on the genepecedatated in Annex 1V,

and there is a need to look into more detail on the actual emissions that can otbarusrods

tainties around them throughout the value chain. In the following chapter, a more detailed analysis
of the life cycle emissions of threectrofuelpathway is therefore presented as these are the technol
ogies with the lowest technology readiness level. The sisalypresented together with a compar
ison to the biogenic LBM pathways.

6.2 LCA DATA INVENTORY AND MODEL ASSUMPTIONS

Fuel affects the surrounding environment whepshire used, and the human activities linked to
producing the fuel and propulsion equipmiate emissions. As REID does not consider, for ex
ample, capital goods, some of the information on the performance of the fuels and potential future
risks are not viewable when looking at these results. Instead commetelife cycle assessments
arerequired. A life cycle assessment (LCA) shows a technology or product's aggregated impact on
a specific aspect of the environment, such as acidification or climate change. It indicates the pri
mary emission sources and wimgy are there and makes it pbssito benchmark different ep

tions.

Here LCA is used to assess the environmental impact and to identifyoffadmtween options.

The LCA is performed according to the 1ISO14044 standard (2006) and the recommendations for
carbon capture and use related LCA studies from van der Assen et al. (2013) and Mdiller et al.
(2020) Several value chains have been investigated to produce LBMding a hybrid process
where biemethane and electromethane are produced in symbtogisdifferent fuels are com

pared: liquefied electrmethane, liquefied bimethane from wet manure, liquefied biethane

from gasification, LNG and MGQaéreferene). Calculations were performed in the ofsenirce

tool OpenLCA. The LBM is used onboard a case study vessel traveling from Kiel, Germany, to
Gothenburg, Sweden, based on data presented in Malmgren et al. (2021). The impact categories
used are based on thernational Reference Life Cycle Data System (ILCD) set of impact assess
ment methods (Heinrich, 2010) and include Acidification, Climate change (GWP20), Climate
change (GWP100), Freshwater ecotoxicity, Human toxicity (cancer effects), Human toxcity (n
cancer effects), Marine eutrophication, Particulate matter, and Terrestrial eutrophication. Direct
land use was also assessed.

Some of the biggest challenges in assessing the environmental performancedbfielectre re

lated to whichprocesses thatreincluded in the life cycle (Malmgren, 2028.g. if production of

capital goods are included or ntit order to be able to assess the environmental impattafoe

fuels, knowledge is needed about the future production path, use propertiegreniessie envi
ronment, and efficiency gain§he analysis here is primarily based on secondary data gathered
through literature, as described in the introduction of this repdhbwchart describing the as

sessed fuabptions is shown ifrigure16. The liquefied electranethane is assumed to be produced
with hydrogen from water electrolysis carbon from biogas upgrade, with a sensitivity analysis look
ing at carbon fsm direct air capture (DAC). The electricity is assumed to be wind poassd,
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and the methane is produced in a methanation reactor (Sabatier reaction). The methane-is then liq
uefied to produce LEG, transported to the harbor. The syffesiency of electreamethane pro

duction varies between papers (Koytsoumpa et al., 2019; McKenna et al., 2018; Korberg et al.,
2020; Monaco et al., 2018; Hoppe et al., 2018). Stenberg and Barlow (2016) is used as a reference
for electremethane productioroute(A in Figure16). The biogenic LBM pathways are based on

work by Bdrjesson et atonsidering'1) waste or other biogenic materials transformed via anaero

bic dgestion to methane arfd) forest residugransformedria gasification(B and C inFigure16).

The LNG production is based on natural gas produced offshore in N@bwayrigure16), and

MGO is based oiuropean reference Life Cycle Database of the Joint Research Centers
(ELCDs)global averagé€E in Figure16) (ELCD, 2009) MGO propulsion is assumed to be per

formed using a mediurspeed engine.
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Ele::wu u"c:?:"e Liquification Engine —> Propulsion
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W Waste Waste " CH4
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Figure 16. Generic outline for the five basescenarios assessed. A) Electrofuel production pathway of liquefied bio
methane, carbon capture technology not specified in the graphic. B) Binethane production pathway for LBM
based on wet manure as input. C) Bianethane produced through gasification oEnergy crops (not considered
LBM in this report). D) Liquified methane produced from natural gas (LNG). E). Marine gas oilis usedtogether
with a scrubber to meet the sulphur emission requirements.
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6.3 RESULTS

The first results in the second LCA stuslyow that electromethane can be a relevant alternative to
LNG in shipping if renewable electricity is used to producesteetromethanerhrough the work

in the project, it has been shown how access to renewable electricity is a requiremiectrior

fuelsto contribute to a lower climate impact, and a reduction may only require electricity mixtures
at levels with those in Europe today. The performance appears to be similar to biogenic options if
renewable energy is used; however, in this system sedupedits have been given to the source

of the biogenic manure used to prodbeemethanelf this were included, the impact on climate

from the biogenic waste scenario would drop significantly. As discussed in the previous chapter,
this could also be thease if theelectrofuelproduction pathway uses carbon dioxide from biogas
upgrade and is viewed to share the source of the material.

16

14
1,2
12
NG, global
B LNG, norway 1
B MG

LBM, hiogenic 038 08

electromethane, DAC

W Electromethane, biogas ¢ 0,6
)

Hybrid production LBM
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Figure 17. Climate change impact of different production pathways for liquified methane whemsed onboard a
shipping vessel, normalized for a trip using marine gas oil (MGO = 1) Calculations based on the full fuel life cycle.
Swedish electric mix used for electricity need for support systems, wind power with life cycle GHG emissions of 8
g COz eq/MJ assumed for hydrogen production in electromethane pathways. No credits used for manure nor ear
bon displacement. A change in methane slip from the marine engines from 0.2g/kWh to 5.5g/kWh is indicated by
the uncertainty bar.

Most investigated impact tagories show no significant difference in the results when comparing
LNG and different LBM pathways. There are some potential differences if the scope of the study is
expanded, such as from capital goods investments. However, currently, the differeasaksn

for acidification, eutrophication, and particulate matter are firm within the range of uncertainty for
the study. Main influencing factors for the environmental performance overall besides electricity
source include the sustainability of the cesailirce, marine engine properties, raw material extrac
tion, and energy requirements for support systems in fuel producBdh can potentially lead to
reduced land requirements compared to if, for example, there will be a need for using gasification
to provide methane for the European shipping fleet, thereby creating a need for land to cultivate
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crops on. Since the issue of land use is an essential factor in the biofuel discussion, this should be
investigated further.

Largescale expansion of LBM production Sweden will lead to infrastructure development and
new plant requirements. The current scope does not evaluate this in detail, and significant expan
sion might drive demand for materials and strain supply chains. A potentiabffadasidentified
between LNG and liquid electromethane: The use of electromethane may lead to an increased im
pact on toxicity in nature and humans due to higher electricity requirements. The same results are
found in Malmgren et al. (2021) asdenberg and BaoW (2016) but work is underway to identify

the magnitude of this impact. The relevant emissions contained in a classic LCA of fuels are lim
ited, and this result needs to be further investigated.

In the life cycle assessment results of liquified electtbargs the emissions from the biogas-up
gradingareincluded. This could instead be allocatedtie bio-methaneas this is a necessary pro

cess to provide the produ#adingto higherimpact frombio-methaneand lower from electro
methaneThe climateémpact results for electromethane are up until the use phase similar to that of
the RED Itbased calculations. However, the use phase has a significant impact on the averall re
duction from using fuel (RED Il shows comparative reductions to fossil fukbutiincluding
combustion). As the use case presented here is specific to the shippingtsecionate impact

over the full life cycle varies if the methane is used in a different sector. The potential end uses are
discussed and described in chagtef this report.
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fCOST BENEFI T OF SWI TCHI NG TC

SOGCEOONOMERSPECTI VE

From a strict environmealk perspective and especially seen from a greenhouse gas point of view, a
switch within the shipping sector from using the fossil LNG to a renewable produced LBM is a
very positive move. This is, at present, however not an easy move to take fooasaiplue to

the present economic cost structure in neither the globalised shipping sector nor within the domes
tic shipping sector.

A cost benefit analysis for present status will differ significantly with the situation to come-includ
ing future measures ohd policy side being presented and discussed in Chéptet to some ex

tent already decided. The upcoming changes will affect the economic calculations as tielt as o
relevant perspectives.

Examples of parameters that will affect the total cost for running the vessels on either LNG or
LBM are the cost for the fuel including possible future taxes and production incentives etc, costs
connected with the emitting of Gxand other pollutants and/or costs for emission trading allow
ances that is suspected to be implemented.

Comparing non internalised costs for LNG and LBM used in shipping could be simplified just
comparing greenhouse gases produced and emitted in gdiéeperspective as analysed in chapter

6. Reason for such an approach would be that the use phase of the renewable LBM and the fossil
LNG would create the same environmental external effects in form of pollutants, noise, etc. There
are however also other important benefits with the replacerh&ht® with LBM such as making

the society lesdependenbn imported fuels, the benefits of mineral fertilisers that can be replaced
by the biefertilisers produced during the LBM production process etc. In below calculationr exam
ple, only the carbon diode emissions e been accounted for via the costs connected with such
emissions when shipping will be implemented in the EU emission trading scheme EU ETS.

A calculation example with a general cost for LBM production based on costs presented in Borjes
son(2016) gives an approximate cost for LBM around@® SEK/kWh. This cost includes pro
duction, liquification and distribution. This can be compared to the LBM production cost estimates
for 2030 in Korberg et al. (2021) of 86, 91 and 142 Euro/MWh ofdiio-methane, bielectre
methane and electromethane respectively.

A comparison with the LNG price will vary with the market price of that product which varies sig
nificantly over time. As an example, between 2017 and 2018, the LNG price as a manae fuel

ied between 15 and 35 EUR/MWh, but since42021 the bunker price has gone sky high and
reached over 100 EUR/MWh. Traditionally, LNG has been cheaper per energy unit than traditional
marine fuels such as MGO and HFO but for the moment LNG costealéedhe costs for

MGO/HFO which makes LNG not cost competitive. Assuming that this is an exceptional develop
ment, and that LNG cost continues to be available at a cost level of 30 EUR/MWh this can be ap
proximated with the LNG fuel price of 0.3 SEK/kWh.

The price span between LNG assumed at a cost of 0.3 SEK/kWh and LBM at an approximate cost
of 0.85 SEK/kWh that need to be bridged would in such case be some 0.55 SEK/kWh for liquid
bio-methane.
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With a proposed Swedish production support such as theshiogeket investigation, the price of
biogas for shipping could fall by about 0.40 SEK per kWh.

The emission trading cost within the EU ETS system of future assumed 100 EURgtandCah
assumed reduction level of 65 % could generate an avoided emission trading cost of 0.2 SEK/kWh.

All'in all, the future cost level difference between LNG and LBM seems possible to be closed or at
least taken down to a level easier to finance frehipo wn er 6 s pSeeFigued& t i v e .
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Figure 18. Calculation example with an assumed price level of 0.85 SEK/kWh compared tesenilar assumed
price level of 0.3 SEK/kWh for LNG also taking production support and ETS allowances cost into consideration.
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8DI SCUSSI ON AND CONCLUSI ONS

There are many different attempts to estimate the future role of LNG as a maritime fuel and accord
ing to DNVs latest regular energy outlook, it is predicted, in relation to future demands for fuels,

t hat A Namostly BNGi wialsl take a 39 % shareo -day 2050
bon fuels like ammonia, hydrogen, and other elereed fuelsiech as enethanol are predicted

to be present but not at that high level as LNG. Other LNG predictions are more moderate such as
the ABS Low carbon Shipping Outlook, which predicts about 10% LNG usage in shipping from
2030 and onwards. It is, at the timgifg very difficult to foresee and predict the outcome of a fu

ture that not only rely on technical and cost development but also highly on the development of
policy instruments such as levies, taxes, regulations and other incentives. However, inythes stud
future level of energy consumption in vessels of 15 % has been used for the estimates of total vol
umes to see if they potentially could be replaced with LBM. More as a starting point to see if a total
energy share within shipping, being everythingibsignificant, could be replace with LBM pro

duced locally.

As reference values for the biogas production potential from Swedish substrates for anaero

bic digestion in this study a maximum ofLl4 and 19 TWh/year for 2030 and 2050 respectively

have been chsen.These values are based on the result from the most recent national biogas po
tential study, Borjesson (2021). Bérjesson (2021) gives intervals for increased supply potential of
different biomasses until 2050, where potential from manure & organdttiess straw respectively
biomass from ecological focus areas & unused arable land have been considered being available for
biogas production. In the category of ecological focus areas & unused arable salix is included. As
salix is not suitable for methapeoduction with anaerobic digestion not the whole of the estimated
potential from this category would be available for biogas production. However, we have-here as
sumed that part of sources from the category of sly, as part of biomass from field edggsvov
pastures, pipelines, etc., that have not been included in the biogas production potential, will be suit
able for anaerobic digestion and therefore might compensate for the salix. The values of 14 and 19
TWh/year does not include the biogas prodircthat already exist, meaning that according to
Borjesson (2021) a maximum of about 16 and 21 TWh/year for 2030 and 2050 respectively are
possible scenarios. Restrictions regarding technical, economical and sustainability aspects have
been taken accountrfin the estimations to make a scenario of a maximum, but nevertheless realis
tic, production potential. However, a strongly favourable development during the coming years re
garding political incentives, policies and regulations related to energy, elandtagriculture on a
national as well as a European level are a prerequisite for the realization of the whole calculated
potential.

The production capacity of bimethane could bimcreased by electrochemical pathways com

bined with carbon dioxide from the upgrading of biogas There is also one advantage for the
gasification route as there are already a methanation reactor present if the gasified biomass is to be
used to produce methane because there is according to Held (2018) also an excess obearbon di
xide in the syngas available after the methanation of syngas. What is needed is then addiion of hy
drogen that can be produced via electrolysis of water. But electrolysers are costly and requires a
significant amount of electricity which results in ieaased cost for combined bioethane produc

tion (Korberg et al., 2021).
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The result of the compilation in secti@r?2 Compilation of existing and plannéibgasproduction

capadty shows a clear market degpment were previously dominating CBG production will be re
placed by a domination of LBM production as the mayor outcome from the biogas plants in the next
few year s. dénmadtfodlso-mbtleaneaswcisaegingnd right now there is a transition

from using CBM for road transport to using it as LBM in heavy road transport, industry and shipping.
However, road traffic is moving towards electrification where it seems that heavy trucks are still fa
vored but that they will also in the long run probdaiyreplaced by electromobility.

Thepolicies and instruments proposed in Swedeand the EU malsthe future of Swedishio-
methandook relatively bright A production subsidy for biogas will come, which benefits Swedish
produced biogas and shipping because imported biogas has a production subsidy, and that shipping
is taxexempt. Industry also benefits because EELS industries now have to credit biogashieit

trading system, which they did not receive before.

Theproduction capacity of bio-methane could reach around 20 TWh by 2045 based on the
techno-economic potential that existsbut it requires that the profitability of the biogas sector is
improved ad that the challenge of tim@nsuming permdtis improved, which means lortgrm
stable conditionare required in order so theindustryshould dare to investhe reader should
be aware that in order teach the biogas market investigation's taofjdi0 TWhbio-methandn
2030, requirean expansion rate of 1 TWh / year by 2030, which is a major challenge.

The demand fobio-methands quite difficult to predict until 2045, but it is largely due to techno
logical development wherge can state thashipping and industry probably needs bieme-

thane if it is to be able to switch to renewable operation and productiorElectromobility can
probably handle road transport and impdtiiogas can probably also handle some of the demand
However, he demandor bio-methanecan also increase in Europe, which can mean that Swedish
bio-methanecan be exported because profitability is better abroad. Here it is required that the EU is
harmonized around tH#o-methanassue so that thisio-methanés used in theraas where it be

longs.

In conclusion, it can be said that if renewable electricity is secured and sustainable biomass sources
are used for the production of LBNhe climate impact potential from LBM is loResults from

LCA calculations show that not only LBM originating from digestion shows good climate pe

tential performance but also the production and use of electromethane produced from carbon
dioxide from biogas upgrades seems to have good climate impact profile

As methane is a strorggeenhouse gas even small leakage of methane in the life cycle could poten
tially change this conclusion (Bengtsson et al., 2011; Brynolf et al., 2014). The methane leakage in
the engine has a significant effect on LCA results, corresponding to apprdyit80% of the

total GWP100 impact depending on engine technology and fuel production path.

For all methanéased propulsion alternatives, there is a risk of increased greenhouse gas emissions
due to leakage of methane in the supply cHaig&weden, othe other hand, there are regulations

and voluntary commitments aimed at reducing methane emissionssinpibly chain(production

and distribution of biomethahe
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This report shows that it could be possible to replace fossil LNG as a fuel in shipgingmatva

ble LBM at a large scale from a Swedish perspective. The total bunkering of ships in Sweden are
around 25 TWh per year, varies over time, and is dependant not only on which ships that ealls Swe
dish ports but also with market competition with port other countries. Should be that 15% of

that fuel be LNG, it would be some 4 TWh LNG that could be interesting to switch towards LBM.

The potential shift in Sweden from LNG to LBM at a level of 46 TWh is assessed to be a+e

alistic potential, but theshift will not happen unless the society gives the industry incentives that
supports that shift and clearly shows the involved stakeholders that there igertorggrategy to
enhance renewable methane production and consumption. It especially imipattaolicy instru

ment in the shipping sector is introduced that connects greenhouse gas emissions with a cost that
can be avoided if fuels with low or zero emissions being used.

Today, only a small proportion of bimethane is liquefied to LBM in Swedeamhile most of the
planned production facilities for biogas will be for LBM, thanks to subsidies in the form of-invest
ment support and the decreased demand of CBG that benefits LBM.

A calculation example with a general cost for LBM production based ds peessented in Borjes

son (2016) gives an approximate cost for LBM arouneD8SEK/kKWh. This cost includes pro
duction, liquification and distribution. This can be compared to the LBM production cost estimates
for 2030 in Korberg et al. (2021) of 861 @nd 142 Euro/MWh of liquid bimethane, bieelectre
methane and electromethane respectively.

The production support suggested in within the Biogas market investigation (SOU 2019:63), that
was included in the Swedish governmental budget decided in [21e 28s not yet been formu

lated in detail. The suggested support according to SOU 2019:63 was however structured in three
parts:

1 Afertilizer gas premium of 0.4 SEK/kWh biogas produced from manure.
1 A biogas upgrade premium of @23 SEK/kWh for biogas that is upgraded.
1 Aliguefaction premium of 0i10.15 SEK/kKWh.

A Swedish production support at a level of 08 SEK/kWh and an emission trading cost ef fu
ture assumed 100 EUR/ton €énhd an assumeadduction level of 65 % could generate an equally
large, avoided cost of 0.2 SEK/kWh. These two measures will together have the possibility to de
crease cost level for LBM down from SEK/kWh to 0.3.4 SEK/kWh which would more or
less even out theost difference between LNG and LBM as a marine fuel. Over time, it is foreseen
in this study that a larger part of the produced LBM will consist oel#ctromethane and electro
methane estimated to come with a higher production price.

All'in all, the future cost level difference between LNG and LBM seems possible to be close to
zero or at least a lot smaller barrier to overcome. There are still many uncertainties such as future
price differences, future levels of ETS, which reduction ratio for which IdaNbenefit within the

EU emission trading system, the future cost of ETS trading allowances etc. However, with a politi
cal will and a likely policy development, it seems at least possible that shipping companies with a
will to reduce GHG emission througie switch from LNG to LBM would be able to solve that in
relation to fuel economy. A future LBM fuel that has a larger sharenzétbane will potentially
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also be more expensive. However, that is still difficult to determine and alternatives avaithble an
allowed at that time might also be more expensive.
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