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PREFACE

This project has been carried out within the collaborative research prBgnagmvable transporta
tion fuels and systenfBdrnybara drivmedel och system), Project3@1521. The project has

been financed by the Swedish Energy Agency arndS®&edish Knowledge Centre for Renewable
Transportation Fuels.

The Swedish Energy Agengya government agency subordintteéhe Miristry of Infrastructure

The Swedish Energy Agendyleading the energy transition into a modern and sustainable, fossil
free welfare societgnd supports research on renewable energy sources, the energy system, and
future transportation fuels productiand use.

f3 Swedish Knowledge Centre for Renewable Transportation Fuels is a networking organization
which focuses on development of environmentally, economically and socially sustainable renewa
ble fuels The f3 centre is financed jointly by the centretpars and the region of Vastra Goétaland.
Chalmers Industriteknik functions as the host of the f3 organization
(sednttps://f3centre.se/en/abeil/).

The results presented in this report is the resultogbperation in the project groumcluding the
organisations RISE, KTH, BioShare, St1, S6dra Skogséagarna and VattEméatiainauthors,

from RISE, KTH and BioSharayish toexpress their appreciation for the additional contributions
as indicated on thednt page.

This report should be cited as:

Furusjd E,, et. al, (2@2) Bio-electro fueld hybrid technology for improved resource efficiency
Publ.No FDOS45:2022. Available at https://f3centre.se/en/renewalttansportatiorfuelsand

systems/
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SUMMARY

Sustainable biofuelill be an important part of the transition of the transport sector tesad
tainability. Despite extensive electrification, primarilyroad transport, the demand for gaseous
and liquid fuels is expected to be significant in both 2030 and.2045

Sustainabldiomassds a limited resourcandharvesting levels for forest biomass for industrial use
is beingintensivelydiscussed ipolitics, both with respect to biodiversityadeoffs and the forest

as a shorterm carbon sinkRegardless ab n epdsiion in this debate, it can be concludeat ths
taining maximum utility from each harvested tre@mportant and will likely be increasingly im
portant in a future with even larggemands of sustainable products to replace fpesilucts

In this respect, the relatively low carbon efficiemeyhe transformation of lignocellulosic biomass
to transportation fuels and chemicals using emergiogefinerytechnologies, such as gasification,
pyrolysis and fermentatioepuld become a challengeleads to lower climate benefit and lower
amount of displaced fossil products from a certain amount of bionTéss research project inves
tigates how integrated electrification of biorefinery procesaesbe used to improve the carbon
efficiency. Process modellingf different process configations based on openly available data
for process ywab usad@s tipeenaif todhemesuits af the modelling were used
to estimatgerformance indicators for the configurations, suclffisiency, production cost and
greenhouse gas emissions.

An initial screening of merging biofuel production technologies for lignocellulosic feedstock
shows that the carbon efficiencies that canbet ai ned pr act i c aofthear t Wsi ng
process configurations, apaly 25-50%. There are several reasons for this

1) the limitation posed by the diffiig elemenal composition of feedstock and product

2) biomass feedstock is used both as cadmance and as energy source, which usually
means that some of the feedstock is combusted in the process

3) by-product formation and side reactions, which lead to the formation of cadmaining
streams other than the main desired product

Integrated elecification can provide means to improve the carbon efficieRegvious research
studies have investigated the effects for specific combinations of biofuel production technologies
and electrification options. The broader analysis done in this projectdayeanumber ofombi
nations show that the two most important technology categories for electrification were:

1) Electrolysis of water for hydrogen addit to the biomass conversion process, which can
address the limitations posed by the different element composition of feedstock and
product

2) Electric heating, which can address the use of part of the biomass feedstock as energy
source, by replacing this thi electric energyrFor example byigh temperature direct heat
ing or heat pumps.

For some biorefinery technologies, the fraction of electric energy input can become substantial and
even exceed the energy input from the biomass feedstock. This motieatesiimologybio-elec
trofuelsfor the products of such an electrified biorefinery
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Based orprocess modelling, techreconomic analysis and implementation scenario anatpsis,
following overall conclusion can be made:

1 Integrated electrification of biofuel production, leading to so cdlleglectrofuels canin
generalgreatly improve biomass resource efficientize potential is different for different
biofuel production technologies

1 Integrated elecification canin generaknableincreased production capacity and improved
economies of scale for a given amount of feedstock available.

1 The most important electrification technologies that can lead to this improvement in effi
ciency are wateglectrolysis, higitemperature direct electric heating and heat puimips
the specific technology or combination of technologies being dependent on the biofuel pro
duction process.

1 Gasificationbased biofuel production from lignocellulosic biomaksws the greatest po
tential for integrated electrification. The amount of transportation fuels that can-be pro
duced from the same amount of biomass can in many cases be doubled or tripled.

9 Other lignocellulosiebased production technologiasoshow potatial for integrated
electrification with good efficiency improvements, but smaller than gasification

1 The overall energy efficiency of the process is in general not negatively affected by the
electrification. There are differences depending on the pradutgchnology with either
small improvements in energy efficiency or small decreases.

1 The production costs fdmo-electrofuelsare similar to or somewhat higher than the corre
sponding biofuels production costs, but lower than the comnelipg electrofuels cost.
This indicates that indirect electrification is cesficient.

1 The greenhouse gas performance of all options stiidafuels,bio-electrofuelsaand
electrofueld are in general good as long as the GHG footpffitihe electricity used in the
process is low.

1 A scenario analysis for production to meet the demand of the future transport sector de
mand for liquid and gaseous fuels was made. The results indicate that improving biomass
resource efficiency by indirecteztrification leads to the possibility to meet demand based
on domestic sustainable biomass resources, which was not possible usinfjthietrt
biofuel production technology with lower carbon efficiency.

1 Development of polic§ncentivesthat promotesesource efficient use of limited biogenic
resourcesn biorefineries is highly motivated in order to futypmof thebiofuel produe
tion capacity being built up in the coming yearke efficient bieelectrofuel technologies
may not be costcompetitivecompared to pure biofueigven current market conditions.
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SAMMANFATTNING

Hallbara biodrivmedel kommer att vara en viktig del av transportsektorns omstallning. Trots om
fattande elektrifiering, framst inom vagtransporter, forvantas edigath pa gasformiga och fly
tande branslen vara betydande bade 2030 och 2045.

Hallbar biomassa ar en begransad resurs och avverkningsnivaer for skogsbiomassa for industriellt
bruk diskuteras intensivt i politiken, bade nar det galler biologisk mangfalskogen som en

kortsiktig kolséanka. Oavsett vad man staller sig i denna debatt kan man dra slutsatsen att-det ar vik
tigt att f& maximal nytta av varje avverkat tiddch sannolikt kommer att bli allt viktigare i en

framtid med annu storre krav pa hallbaradukter for att ersatta fossila produkter.

| detta avseende skulle den relativt Iaga koleffektiviteten vid omvandlingen av lignocellulosa
biomassa till drivmedel och kemikalier med hjalp av ny bioraffinaderiteknik, sasom férgasning,
pyrolys ochfermentenng, kunna bli en utmaning. Dealeder till Iagre klimatnytta och lagre
mangdsubstitueradéossila produkter fran en viss mangd biomassa.

Detta forskningsprojekt undersdker hur integrerad elektrifiering av bioraffinaderiprocesser kan an
vandas for att fdyattra koleffektiviteten. Processmodellering av olika processkonfigurationer, base
rat pa 6ppet tillgangliga data for processernas prestanda, anvandes som huvudverktyg. Resultaten
av modelleringen anvandes for att uppskatta prestandaindikatorer for katifigarna, sasom ef
fektivitet, produktionskostnader och utslépp av vaxthusgaser.

En forsta granskning av framvaxande produktionstekniker for biodrivmedel for lignocellulesarava
ror visar att de koldioxideffektiviteter som kan erhallas praktiskt, med hjatprearande "statef-
the-art" processkonfigurationer, endas®ai 50%. Det finns flera skal till detta

1. Begransningrtill foljd av ravarans och produktens oligaundamnesammansattning

2. Biomassaravara anvands bade som kolkidlasom energikélla, vilket vanligtvis innebar
att en del av ravaran forbranns i processen

3. Biproduktbildnirg och sidoreaktioner, vilket leder till bildandet av andra kolhaltiga strom
mar an den huvudsakliga 6nskade produkten

Integrerad elektrifieringiergodamdéjligheter att forbattra koleffektiviteten. Tidigare forsknings
studier har undersokt effekterna for specifika kombinationer av produktionstekniker och elektrifie
ringsalternativ. Den bredare analys som gjorts i dettaktr&r ett stort antal kombinationer visar
att de tva viktigaste teknikkategorierna for elektrifiering var:

1. Elektrolys av vatten for vatetillsats till omvandlingsprocessen, sormkdverkade be
gransningar som orsakas av ramaterialets och produkteagnlikdamnesammansétt
ning.

2. Elvarme, som kamotverkaanvandningen av en del av biomassaravaran som energikalla,
genom att exatta dana med elektrisk energill exempel genom direktvamingvid hdg
temperatur ellegenomvarmepumpar.
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For vissa bioraffinaderitekniker kan andelen tillférd elenergi bli betydande och till och med over
stiga den tillforda energin frAn biomassaravaran. Detta motiverar terminologin bioelektrobranslen
for produkterna i ett sddant elektrifierat bioraffinaderi.

Baserat pa processmodellering, telakmnomisk analys och analys av implementeringsscenarier
kan foljande overgripande slutsats goras:

)l

Integrerad elektrifiering av biodrivmedelsproduktion, som leder till s kallad&kioe
branslen, kan i allmanhet avset/forbattra biomassans resurseffektivitet. Potentialen ar
olika for olika produktionstekniker.

Integrerad elektrifiering kan i allméanhet mojliggéra 6kad produktionskapacitet och forbatt
rade stordriftsférdelar for en viss mangd tillgangiigaaror.

De viktigaste elektrifieringsteknikerna som kan leda till denna effektivitetsforbattring ar
vattenelektrolys, direkt elektrisk uppvarmning vid héga temperaturer och varmepumpar,
dar den specifika tekniken eller kombinationen av tekniker ar beéecavproduktinspre
cessen.

Forgasningsbaserad biodrivmedelsproduktion fran lignocellulosa visar storst potential for
integrerad elektrifiering. Mangden drivmedel som kan produceras fran samma mangd bio
massa kan i manga fall férdubblakeetredubblas.

Andra lignocellubsabaserade produktionstekniker visar ocksa potential for integrerad
elektrifiering med goda effektivitetsforbattringar, men mindre &n férgasning

Processens totala energieffektivitet paverkas i allmanhet inte negatiekéifieringen.
Det finns skillnaler beroende pa produktionsteknik med antingen sma forbattringar av
energieffektiviteten eller sma minskningar.

Produktionskostnaderna for bioelektrobranslen ar liknande eller ndgot hogre an-motsva
rande produktionskostnadir biodrivmedel, men lagre &natsvarande ektrabransle
kostnad. Detta indikerar att indirekt elektrifiering ar kostnadseffektivt.

Vaxthusgasprestandan for alla studerade alterndtiobréanslen, bioelektrobranslen och
elektrdoransleri ar i allménhet bra sa laagom vaxthusgasavtryekfran den el som an
vands i processen ar lagt.

En scenarioanalyav produktion for att méta efterfragan fran den framtida transportsektorn
pa flytande och gasformiga branslen gjordes. Resultaten tyder pa att &irbétmassa
resurseffektivitet genom iricekt elektrifiering leder till mojligheten att mota efterfragan
baserad pa inhemska hallbara biomassaresurser, vilket inte var majligt med hjalp av pro
duktion av biodrivmedel med lagre koldioxideffektivitet.

Utvecklingen av politik/incitament som framjar resurseffektiv anvandning av begransade
biogena resurser i bioraffinaderier ar mycket motiverad for att framtidssakra den produkt
ionskapacitet for biodrivmedel som byggs upp under de komnéaede Den effektia
bioelektrobransleteknikedr inte allt ekonomiskt konkurrenskraftjgmfért med rena bio
drivmedel med nuvarande marknadsforhallanden.

FDOS 45:2022



CONTENTS

LINTRODUGCTION. ..ttt e e e e ettt ettt e e e e e e e e e eeeabbbb s e e e e aaaaeeeeennes 11
11 BACKGROUND.L......coiiiii e 11
1.2 PROJECT SCOPE AND OBJECTIVES..........ciiiiiiiiiiiiiie et 12

2 METHODOLOGY. ..ttt ettt ettt ettt e e e e e e e et e et b e bb e e e e e e e e e eeeeeebbba s e e e eaaaeeeennes 13
2.1 OVERALL APPROACH ... ittt 13
2.2 PROCESS MODELLING OF BIOFUEL PROPUTHMINYS........oooviiiiiiiiiniiineieeeeen 13
2.3 EFFICIENCY METRICS. ... ..t 14
2.4 TECHN@ECONOMIC ANALYSIS.....ooiiiii e 16
2.5 GREENHOUSE GAS FOOTPRINTS. ....coiiiiiiiee ettt 18

3 THEORETICAL EFFICIENCIES OF BIOFUEL PRODUCTION......cctiiiiiiiiiiiieiieeeeeeeeeeeeenn 20

4 INITIAL TECHNOLOGY SCREENING. ...ttt e e e eeneenees 25
4.1 CARBON AND ENERGY EFFICIENCY OF BIOFUEL PRODUCTION..........ccoeeiivrinnen, 25
4.2 PRIORITIZED TRACKS AND ELECTRIFICATION.ORTIQONS..........cvviriiiiieeeiiii 29

S5INTERMITTENT ELECTRIFICATION AND HYDROGEN.STORAGE........ccooooviviiiiiiiiins 30
51 INTERMITTENT ON/OFF ELECTROLYZER ORERATION.......cvviiiiiiiiiiieiiieee i, 30
5.2 ELECTROLYZER OPERATION WITH FLESABMITES...........coooeiiiiiiiiiiiieiiecnee e 35
53 CONCLUSION . ...ttt ettt e e e e e e s e s s e e e e e e e e e e nenaes 37

6 CARBON AND ENERGY EFFICIENCYEREBTBRO FUELS PRODUCTION..................... 38
6.1 ELECTROLYSILS. ...ttt ettt e e e st e e e e e e e e e e s s eeeeeaee s 38
6.2 LIGNOCELLULOSIC ETHANOL ...ttt 39
6.3 ETHANGIIOJIET FUEL.....co ittt 43
6.4 HYDROTHERMAL LIQUEFACTION OF WOODY BIQOMASS...........ccooeiiiiiiiiiiiiieeneee, 46
6.5 FAST PYROLY. SIS oottt ettt e e et e et e e e e e e e s e 49
6.6 BLACK LIQUOR GASIFICATION.(BLGY) ......uttiiieiiiiieeee ittt 52
6.7 BLACK LIQUOR GASIFICATION FOR METHANOL PRODUCTIQON.........ccccevveiiiiiieeens 55
6.8 BLACK LIQUOR GASIFICATION FOR FISCHER TRORSCH EUELS..............ccccinnnnen. 59
6.9 DUAL FLUIDIZED BED (DFB) GASIFICATIQN......cccviiiiiieeiee e 64
6.10 DFB GASIFICATION FOR SNG PRODUCTION.........ccicciiuriiiiiiiieiee e 65
6.11 DFB GASIFICATION FOR FISCHER TROPSCH (FT) PRADUCTION.......cccoeviiveiinenns 70
6.12 FLUIDIZED BED (FB) GASIFICATION.......otiiiiiiiieieiiie et 75
6.13  FB GASIFICATION FOR SNG PRODUGCTION.......cccciiiiiiiiiiiee et 76

FDOS 45:2022



6.14  FB GASIFICATION FOR FISCHER TROPSCH (FT) PRODUCTION..........cocoeiiiiie. 79

6.15 REFERENCE ELECTROFUEL TRACKS ... ..o 82
6.16  SUMMARY AND CONCLUSIONS.....cciitiirieiiieniit ettt 83
6.17 EXCESS HEAT IN DITRICT HEATING NETWQRKS........oooiiiiiiicicree 89
7TECONOMIC PERFORMANCE...... .ottt 91
7.1 INVESTMENT COST ESTIMATES . .....ooiiiiiiiie e 91
7.2 PRODUCTION COST ESTIMATES......ccueiiiieiiieiit ettt 92
8 GREENHOUS GAS FOOTPRINTS ...t e e 102
9 SCENARIOS FOR LARGE SCALE IMPLEMENTATIQON.......ccccoiiiiiiriiinieeeeeeeeecee, 105
9.1 BIOFUEL DEMAND SCENARIQS... ..ot 105
9.2 NATIONAL SUSTAINABLE BIOMASS SUPPLY SCENARIQS...........cooo e, 107
9.3 BIOFUEL PRODUCTION SCENARIOS.......ooiiiiieieeee e 107
10 SUMMARY AND CONCLUSIQNS. .....cottiiiiiiiiiiiiiiiie e 114
REFERENCES. ... ..ot rree 121
APPENDIX 1. INTERMITTENT ELECTRIFICATION AND HYDROGEN.STQRAGE....... 126
ELECTRICITY PRICE SCENARIQS... ..ottt 126
METHODOLOGY FOR ELECTRICITY PRICE MINIMIZATION.......ccooimiiiiiiiiiieeiee e 129
APPENDIX 2. EQUIPMENT COST FOR MAJOR PROCESS.UNITS........ccccciiiiiiniinnee. 130
APPENDIX 3. CAPEX AND SPECIFIC INVESTMENT. ..o 132
APPENDIX 4. MVR APPLICATION TO LIGNOCELLULOSIC ETHANQL.PRQCESS.....134
PRETREATMENT ..o e et e e e 134
DISTILLATION. ...ttt ettt ettt sae e s e e re e s e e e ne e 135
DRYING. ...ttt ettt oottt et e e e e e et e e et e et e e e e e e e n e e e e et e e e e e e na e 136
APPENDIX 5. ADDITIONAL DATA FOR PROCESS MASS AND ENERGY. BALANCE..137
APPENDIX 6. PRODUCTION COTIFBRIIL........cceeeiiiiiiiiiiie i 151

FDOS 45:2022



1Lb¢whs5!/ ¢Lhb

1.1 BACKGROUND

Biofuels are an important component in the transition to dased economy and a sustainable en
ergy systemglobally (International Eneyy Agency 2021)ut morepronouncedn a Nordic context
(Hansson et al. 2019Fwo important factors for a sustainable transition are good climate perfor
mance of the biofuels produced and efficient udamifed resourcesThe production processes for
lignocellulosc biofuels that are commercially available today or are under commercial develop
ment often have relatively low resource efficiency in terms of the utilisation of biomass carbon. In
a future where demand for the limited biomass resource is increasing,logidsmthat do not use
thebiogenic feedstockis a resourcefficient waywill not be competitive.

The hypothesis underpinning this project is that the integrated use of electricity in biofuel produc
tion can provide major benefits in terms of in@@é production potential, carbon efficiency and/or
greenhouse gas performance, in biofuel production. The effects may be different depending on the
type of biofuel process in which it is applied. The potential benefits of electrification come from a
variety of specific challenges in biofuel productiPinton Larsson 2014; Wetterlund et al. 2022)
contributing to increased costs and/or losses, which can be solngtigatedby theuseof electri

cal energy:

1. Biomass contains oxygen that (most often) must be remaw &1 or HO, sincemost
fuel products are hydrocarbons.nrany process optioneydrogen is usedlirectly or it
directly,to remove oxygen.

2. Biomass typically has an (atomic) H/C ratio et b while hydrocarboiased fuels have
H/C&2. This means that carbon yield is neagifglost unless hydrogen is added

3. Many transformation processes, such as gasification and steamireforake place at
high temperature with energy supply from thegeioic feedstockself, whichleads to
losses.

Different technical solutions for electrification are relevant for different types of productien pro
cesses and these can provide different benefits such as improved climate performance, increased
production potential and improved carbon utilisation. Thigget studieshe use of electrical en
ergythrough integrated measuré&xamples of technologies for integrated use of electtitye
been studied in the past and the European potential for the example of gasifiaadrproduc
tion, as described byatinula(Hannula 2016)has been found to be very significafiexibility is
oftenhighlightedfor gasification applicationgnalling the integration t@ volatile electricity sys
tem(Poluzzi et al. 2022; Habermeyer et al. 20Zltherexamplesf electrification technologies
with potentialto improveresource efficiency are electrically heated isteeformers(Wismann et

al. 2019ajpnd heat pump® produce low temperature hdatt eveporation ordistillation (Fornell
2012)

Despite this, many aspects and technical possibilities for different prodtextiumologiehiavein
previous work only beediscussed in general and fragmented way, which means that they cannot
be comparedlhere is a lack of both an overall pictwof the technical possibilities available for
integratecelectrification in biofuel productioanda generi@nalysisof thesepossibilities This
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project aims to fill this particular gap agtve a basis for decisiemaking for strategic decisions in
pdlicy development, technology developmand development of commercial projects

1.2 PROJECT SCOPE AND OBJECTIVES

The overall project objective is to provide a generic picture of the possib#itleantageand dis
advantages integratedectrification can provide in biofuel production
Specifically, theprojectaimedto:

1. Report on the possibilities for integrated electrification that exist within different biofuel
value chains with technical and commerc@évance at present and in the short and
medium term

2. Report on the potential impact of integrated electrification on production potential, carbon
efficiency and resource utilisation in biofuel production for different biofuel value chains

3. Report the poterdl impact of integrated electrification on production costs and greenhouse
gas performance for different biofuel value chains and anatieh types of partial elee
trification provides the greatest benefit, including resource efficiency

4. Present scenaridsr the implementation of the technology and their impact, e.g. in the
form of electricity demand

The biofuels production pathways to be included in the analysis are based on criteria determined in
discussions in the project group. The following criteria for selection of biofuel production pathways
were used:

9 Productionpotentialin the Nordic region
1 Feedstocks: focus dignocellulosicforest residuesut potentially also agricultural

9 Product focu®n rad transport and jet fueldrop-in and other. Not dedicated marine
fuels.
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2.1 OVERALL APPROACH

The project approach is to a largeettbased on process modelling using data from open litera
ture. We used a staged approach

1. Initial saeeningof biofuel productiortechnologies, commercial and under development,
and mapping of their carb@nd eergyefficiency. Comparison to ttaretical efficiencies
estimated in a sperate analysis.

2. Inventory of technologies, commercial and under development, allowing partial electrifica
tion of biofuel productionMapping of these technologies towards biofuel processes and
qualitative evaluation of their applicability and relevance.

3. Selection of biofuel prductiontechnologies to study in deptbased on relevance in a
Nordic context and electrification potenti@onceptually designing a number of modified
biofuel processes witpartial electrification that will be evaluated in tlest of the project.

4. Calculaing mass and energy balances fortlase casand modified biofuel processds,
evaluatehe effects of partial electrification on production potential, energy efficiency, car
bon efficiency and resourcailization.

5. The energy and material balances are inpuéstvaluation of economy, resource effi
ciency and greenhouse gas performance rutifferent scenarios. The economic analysis
is based on traditional investment and cost anabsdmclude effects from integration
with other industries

6. Estimated efficiencies, production costs and GHG footprints are used in a scenarig analys
that illustrates how the Swedish biofuel demand could béoynatcombination of biofuels,
bio-electrofuels and electrofuels under different technology optibimes scenarios illus
trate biomass and electricity demand as well as total cost and GHGosmifesithe dif
ferent options.

Thestudied systerfor efficiency am economic analysisnds at the plant gate, iefficiency or

cost effects in distribution or vehicle use of the fuels iscoasideredwhich in practice means that

it is assumedhat tte fuels behave as the current fossil fuels. In the GHG footprint analysis, the sys
tem boundaries and methodology is set by the Renelzalgigy Directive, which for example
prescribes hovieedstock GHG igstimated and what the fossil comparator is, wisécutating
greenhouse gas savings.

The focus in terms of relevant feedstagk®cessing technologiesd productss set by theele-
vance forfuture Nordic conditions

2.2 PROCESSODWELLING OF BIOFUEL PRODUCTION PATHWAYS

Process rodelling oftechnology tracksvas done in two stepin the first steprocess mass and
energy balances wedeveloped using open literature datel knowledge in the participating or
ganizationsThe literature data used are deschbéow separately for eachatk.When required,
different process technologies were combined in an appropriate mammake a complete pro
duction track e.g. gasification technologigegere combinedvith gas cleaning and Fischer Tropsch
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synthesis. As far as possible, the same tdoggmptions were used for different production tech
nology traclsin order to make the results comparable and relevant, e.g. using the same Fischer
Tropsch yields for different gasification technologies.

In thisinitial screening stagéletailed processicludingintegratecklectrificationoptionswere thus

not developed. The focus was on understanding were carbon and energy losses occur in each of the
productiontechnology trackand making a sengjuantitative estimate of how indireceetrifica

tion could improvecarbon efficiencyincluding which electrification options would be most prom
isingHe nc e, the data sources were selected-to be
wiserather than being heavily optimized fofieflency. Typical criteria for seéction is thathe bal

anceshave a base in empirical dathsome typeprocess desigresccount for the compromise-be

tween efficiency and equipment cost and titherstudies have rehed similar efficiencies

To make the reference technology tracks more comparable to the electrified options to be studied in
the reminder of the project, we have choseartminclude any fossil feedstocks in the configura

tions studied. This is most relevant for processes using ¢gdr@.g. HVO) which is normally

sourced from fossil gas (natural gas reforming or other fossil based H2 in the refinery). In these
cases, we have instead used biogas reforming, and included the biogas consumption in the energy
and carbon balances. This ams that greenhouse gas performameoald be similar for the refer

ence configurations and options that use electrolysis hydrogen from renewable electricity.

The mass and energy balances developed eoenbined with an assessment regarding which-tech
nologies has the most significant production potential Mordic context, which is the scope of the
project Theresultis a listof prioritized technology tracks and a list of electrification options for
each of these that were carried further to a rdeteiled analysis.

Tracksselected for detailed analysis wenedelledusing tools availabland fitfor evaluation of a
given track An important prerequisitein process model development was the possibility)fmm
titatively assesng the effect of tk various relevant electrification options on the mass and energy
balances, for example electricity consumption and yields of various prod@ibettools used were
predominantlythe flowrsheeting software Unisim Design (Honeyweiythonand Microsoft

Excel.

To harmonize the resuliéad allow an overall evaluatiphigh level mass and energy balances that
enable evaluation of common Key Performance Indicators (KPI) were derived based on the models
developed for the selected trackdth and without electrificationDetailed description of model

ling strategies and relevant assumptions are presented with the respective track documentation in
chaptei6 below. Each technology track has a reference configuration assstaitegf-the-art per
formance(without indirect electrificationand one or multiple electrified configuration(s) depend

ing on identified electrification solution(s).

2.3 EFFICIENCY METRICS

This sectionconcerns mass and energy balances for bigiweluction processes. The carbon and
energy efficiency metrics used as key performance indicators to summarize these and compare dif
ferent tracks are shown Figurel. There are no standards for process efficiency metrics but these
are in agreement with whatgenerally usedThe use of @arbon efficiency metric is much less
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common than energy efficiency in this type of studigich reflects the fact that carbefficiency
has not been in the focus dbfuel process development, as noted in the Background section
above.

In addition, exergy efficiency is calculated analogously to energy but using energy flows converted
to electricity equivalents using the factord0 for solid biomass, 0.55 for biogas and 0.05 for low
grade heat. Note that a net electricity flow is used, i.e. a biofuel production system can only have
electricity either in or out, not both.

- _ Coa
C,fuel Cl.l + CI.Z

——
. _Cp1+Cpr+Co3

. . Ctotal —
N ouUL Cini+Crp
1. Feedstock 1. Biofuel product
2. Add. Biomass 2. By-prod.energy E0_1
3. Electr. (net) 3. By-prod.other NE fuel =

4., Heat EI,l + EI,Z + EI,3

> Electr.(ne) Eoq1+Eop+Eg3+ EgstEps
NE total =
o EntE,+E;

Figure 1. Definition of carbon and energy efficiency metrics used as key performance indicators in this
study.

When evaluatinghe energy efficiengywe have used any electricity input as such, without any
consideration of losses/efficiency when it was generated. This meaf®that resource effi

ciency perspective, we have assumed a primary energy factor of one (1) for the electricity, which is
typically used for solar ahwind power.

Another aspect generated is the marginal efficiency of the added eleatrizitjo-electrofuels
plant. This metric attempts to measure how efficiently added electricity is converted to fuel product
on energy basidt does not includerey carbon efficiency aspedtor eactelectrified configuration
(denoted »n the equation below), the difference in biofuel productionedadtricityuse to the
base configuration (idin@end ectri fiedd) is used tocanchal cul at e
noted that all configurations acempared to the base configuration, so for configurations that in
clude several electrification options (for example electrolysis and heating) the metric obtained is
for the combination of options.
O
- i 5

=
=

O
0

0¢
0¢

A separatespecific, efficiencyevaluation is madef a case when excess heat from thedbeztroe

fuel production process replaces biombasecheat When this is the case, the avoided use of bio
mass fuels for heat production can be credited, giving a logt®iomass input to the bielectre

fuel production process afidas a consequentea higher carbon efficienggeeFigure?2. In this
calculation, we havsimplistically assumed that biomassergy can be converted without signifi
cant losseswhich isthe case in a modern plant with flue gas condensation. Since it is very differ
ent if electricity is ceproducedor not in a district heating plant, we have not included this aspect,
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i.e. we account only for the part of the biomassithased for heat production in a CHFhese
simplifications, which are required, do not make the results/iison the high level of analysis
carried out in this studyather the opposite since there is no generi€ab® plant. A specific
analysis needs to be done when looking at implging bicelectrofueldechnologyintegrated
with a specific bieCHP plant.

Net biomass use

Biogenicfeedstock

Excess *

Bio- or bio- e bisplaced
electro-fuel biomass
production

Same heat
production ¥

Fuel products

<

Figure 2. Principle for evaluation of carbon efficiency when excess heat from th#o-electrofuel pro-
duction process replaces biomadsased heat production.

2.4 TECHN@&CONOMIC ANALYSIS

2.4.1 Methodology and assumptions for estimating total fixed capital expenditure
(CAPEX)

Total equipment procurement cost, EPC, is derived by applying the foll@racglure, which is
typical for thistype of study(Smith 2005; Brown 2007)

1. List major process units for each technology track and identify relevant sizing parameter

2. Estimate base cost for the identified major process units, based on published data, inhouse
information or byconsultation with experts and technology developEne base cost and
reference capacity adocumentedh appendix 2Equipment cost for major processits

3. Adjust costs to Euro value 2020 (annual average) using Chemical Engineering Plant Cost
Index (CEPCI). For base cost currencies other than Euro, the cost is converted to Euro
equivalent of the refence year using annual average exchange rate of the reference year
before applying CEPCI adjustment

4. Adjust equipment costs to correspond sizes evaluated in this work usistg-capacity
scaling law

5. Apply relevant installation cost factor for basecostsat doesndét include

6. Estimate total EPC using factors to account for balance of plant (BOP). BOP accounts for
direct costs (equipment errection, piping, instrumentation & controls, electrical, utilities,
offsites, buildings and site prep

FDOS 45:2022



7. Estimate total CAPEX by applying factors to account for other direct costs (civil work, slab
and ground prep) and indirect costs (engineering and supervision, construction risk insur
ance, environmental permitting, recruitment and staff training, comiones)

The major process units are identified and sized based on the detailed mass and energy balance
evaluation carried out in WP2 of the project.

2.4.2 Economigerformanceindicators

Production cost (PC) is evaluatedtlas maineconomic indicator of the refence cases and electri
fied versions of the technology tracks studiedP C ( SEK/ MWh or a4/ MWh) i
to the following expressigrsee e.g(Holmgren et al. 2016)

#2%! 0%8 Q- B )1 BPOIEL Al DRFAL

0# 41 OMEIT BOAIA QA ®O

Where:

1 CRFI capital recovery factor (annuity) evaluated assuming 8% interest (i) and 20 years (y)
economic lifetime
(1% )

CR¥ETY

1 CAPEXI total fixed investment cost derived according to the process configuratiens, ca
pacities and system boundaries established in this study

1 O&M i annual fixed operating and maintenance cost evaluated as 3% of the CAPEX

1 Inputand Cosi cost of feedstock, eledtity, and other chemicals and utilitiagth pro-
cessas listed inTablel.

1 Coprod.and Costo1 revenue generated by nbiofuel coproducts, such as solid fuels,
lignin, and chawvith process absted inTablel.

1 TBPi total biofuel produgbn on energy basis (e.g. MWhior pathways with multiple
biofuel outputs, the products are aggregated according to their energy equivalency

Tablel presets the cost of parameters used in the economic evaluations. Electricity price is criti
cal to the economic feasibility of the electrified tracks. PC cost is evaluated under electricity prices

S

30 and 40 0/ MWh, r epr es e n tobtheilongeermpmarket amalysis n | i

carried out by the Swedish electricity grid opera{@&eenska Kraftnat 2028nd ahigh-level
anaysis of potential for intermiént operationsee chaptes for more details
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Table 1 Cost of parameters

Parameter Unit Value Remark and references

Biomass € Kaz2 K 17.25 Average for woodchipsawdust,and forest residue a2 2 2 R C
tSFG tNAOS&E HAamyoO

Electricity € Kaz2 K 30/40 Based on electricity system scenarios from Svenska Krg@wanska
Kraftnat 2021)see furthersection5.

Oxygen ekil2y 60 Hectrolysis configurations, SOEC or Rabsumedhe same asver
the-fence industrial oxygeprice)

Scrubber oil €eKaz2 K 106 DFB configurations,a@Reseedil methyl ester (RME)BioShare)

Biogas eKkazK 90 HTL, Pyrolysisacks

Ligninpellets ekaz2 K 20 Lignocellulosic ethanppellet 12% moistureRecalculatedrom
(Thunman etal. 2019).e.,Hp eka2 K F2NJ mmE: VYi

Char byproduct € k a2 K 20 HTLbyproduct,priceassumel same as fotigninpellets.

2.5 GREENHOB&AS-OOPRNTS

Carbon neutralitys considered afighimportarcein this study;thus,all basecasetracks avoid
fossitbased energy sourcesdutilities. Basecase designs that require extermadtor hydrogerfor
upgradingare assumed to use biogE®wever, emissionselated to biomass supply chain and
electricity generation are inevitableHG performance of the bielectrofuel trackareevaluated
using emésion factors presented Tiable2, which arevery similar to those used in the Renewable
Energy Directive.

The emission factasf biomasssupply chairis taken from de |I&uente et al(de la Fuente et al.
2017)for logging residueThe emission factor for logging residue accounts for emissions related to
transportatiorio roadsideloading/unloading machinery, chipping at roadside, transport to terminal
including loading/ unloadingandtransport to industry (5 km). The factor is an average value for
the three geographic locations studied in Northern Sweden (Umed, Ornskolds8ioamdan).

Each location considers 120 kadiusharvesting ared he obtained GHG ftprint is close to
published generic valudsr forestry residuefGode et al. 2011)

Emissions related to electricity generatame specific for Sweden ameferto the Swedish Energy
Agency recommendation f@émission factor of the Swedish electricityxyabout 131 gCO.eq/MJ
(Jafri et al. 202Q)Thisfigure is believed to bénigh for the currentind futureSwedish electricity
mix and will likely behalved according tdiscussionsve hadwith knowledgeable project partners
Therefore the GHGfootprintsof all thetracksareevaluatedassumingl3.1 and 7 gC@eg/MJ
emission factafor electricity.A zeraemissionrelectricity scenario is also evaluated in order visu
alize the effect it has.

The emissioriactors offossil counterparts are taken from Jafri et(@gfri et al. 202Q)Thefossil
factorsreported irthereference publicatioare converted tbiHV basis to match the units usied
this study.Table2 also indicatesvhich of the fossil fuel products that d@heerelevant comparison
for eachbio-electrofueltrack The indicated relationshig used as basier calculating GHG emis
sions reduction potential the bicelectrofuel tracks
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Table 2 GHG emission factors

Parameter Emissiors

factor
Biomass 45
Electricity 7¢13
Natural gas 67.0

60.9
Diesel 95.5

89.4
Petrol 93.5

87.4

FDOS 45:2022

Unit

kg CGQ-eq/ODt

kg CG-eq/GJ

kg CGeq/GJ LHV
kg CG-eq/GIHHV

kg CG-eq/GILHV
kg C@-eq/GIHHV
kg CG-eq/GILHV
kg CQ-eq/GIJHHV

Bio-electrofuel
trackscompared

SNG

HTL FR FT ATJ

EtOH, MeOH

Reference

(de la Fuente et al. 2017)

(Jafri et al. 2020)
(Jafri et al. 2020)

(Jafri et al. 2020)

(Jafri et al. 2020)
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A major aspecthat can explain whgarbon efficiencies are often low for biofuel production tech
nologiesis that the yield of biofuel production can be limited by stoichiometry, i.e. by the relation
of the elemental composition of the feedstock and the produatder to give a basis of compari

son for the carbon and energfficiencies presented in chapdrand6, this chapter presents theo
retical efficiencies for various cases from a stoichiometric point of . Mie® very important to

note that these do not include any consideration of energgusfitiency or side reactions/by
products. This meansadtto realize the efficiencies presented below it would be necessary to have
a Aperfect o pproducteandaccess to bnergytinput that would be required (which
couldin practice be by heand/or electricity).

We define three types of theoretical efficiency using different assumptions:

1. Assuming that the biomass feedstock is the only material input to the procesmpligis
that the process is a-salled disproportionation, kere biomass is decomposed into the
biofuel product and, potentially, carbon dioxidelid carbonand water (Eqg. 1a and 2a).

2. Assuming that water (steam) is used as to convert biomass (somewhere in the process),
which is for example the case in gasifioatbased processes and in tracks including steam
reformingand water gas shifEq. 1b and 2b)

3. Assuming that elemental hydrogen (for example from water electrolysis) can be added and
utilized in the process (Eqg. 1c and 2c)

Eq. 1alc and 2&2c show represeations of the overall chemical reactions occurring under the

three assumptions, with the chemical compositions of the various biomass feedstocks and products
being represented by the molecular form@s Os andCH:Op respectively. The occurrence of
elements such as nitrogen and metals (ash) is neglected in these simplified reactions. Addition of
oxygen is shown in parenthesis as in practice (for realistic feedstocks and products) it will never
improve the theoreticafficiency, i.e. should not be used in this theoretical perspective.

Feedstock A Product+HO +CG+C (Eqg. 1a)
Feedstock + kD (+ &) A Product + CQ (Eq. 1b)
Feedstock + H(+ O;) A Product + HO (+ CQy) (Eqg. 1c)
CHaOpg A XCHOp+yHO+2zCQ+qC (Eq. 2a)
CHAOg +yHO (+ &) A XCHcOp+2z CQ (Eq. 2b)
CHAOg +VH:(+O;) A xCHOp +y HO (+zCQ) (Eq. 2¢)

The theoretical carbon and energy efficiency will be dependent on the elemental composition of the
feedstock and desired product. Expressions for this were derived based of2EdTAaical ele

mental compositions for some feedstocks and products thaglevaent are shown ifiable3 and

Table4. The different elemental compositions are visualizefigure3.
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Figure 3. Van Krevelen diagram of products (blue) and feedsttks (orange), visualizing the differences

in elemental composition.

Carbon efficiencies were also converted to energy efficiencies using the-tadisineating val

ues listed in the tables. This means that theoretical energy efficiedeyiwedin this chapteris

not an overall energy efficiency of the process but just the energy in the product compared to the
energy in the feedstock, irrespective of other inputs that may be needed. Hence:

1 Carbon efficiency is a measure of how efficiently carbon irfébdstock is utilized by
conversion into the product (in the rang&@%)

1 Energy efficiency is a measure of how much energy in a (fuel) product that can be pro
duced from a unit energy of feedstogithout considering energy sedtifficiency(can be
>100% for high carbon efficiency, since the overall energy balance is not considered).

Table 3. Typical elemental compositiorand higher heating value (HHV) for relevant feedstocks.

C H O HHV[MJ/kg] HHV/C[MJ/kg C]
Wood 1 1.43 0.65 20.4 40.5
Carbohydrates 1 1.83 0.92 17.4 41.3
Lignin 1 1.14 0.35 27 42.0
Fat/veg oil 1 1.82 0.11 40 51.7
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Table 4. Typical elemental composition and higher heating value (HHV) for relevant products

Products C H (0] HHV[MJ/kg] HHV/C[MJ/kg C]
Methane 1 4 0 55.5 74

Alkanes* 1 2.2 0 46 54.4

Aromatics* 1 1.1 0 42 45.8

Methanol 1 4 1 22.7 60.5

Ethanol 1 3 0.5 29.7 56.9

* Alkanes assumed as &Hcorresponding to for example decane) and aromatics as @drresponding
to for example a benzene/toluene mix).

Results for wood feedstock are showrkrigure4 (as stacked bars, since the theoretical efficiency
increases stepwise for assumptiors dbove. When hydrogen is added (Eqg. 1c¢ och 2c), theoreti

cal carbon efficiency as always 100%, since all oxygen can be removed as water and any missing
H/C ratio can be compensated. For the cases without hydrogen addition-(EQaly the effi

ciency is highefor products with lower H/C ratio, since the yield is limited by hydrogen defi

ciency.

Typical theoretical carbon efficiencies without hydrogen addition, i.e. without electrification for
most tracks, is just above 50% for methane an@d®5 for the otheproducts (excluding aromatics
at 80%. Methane has the highest product H/C ratio and thus the lowest theoretical carbon yield.
Hydrogen addition can theoretically improve carbon efficiency b§@D% relative compared to
cases using only water/steam. Tinidicates a good potential for electrification to improve carbon
efficiency.

100% 200%
90% 180%
80% 160%
70% 140%
60% 120%
50% 100%
40% 80%
30% 60%
20% 40%
10% 20%

0% 0%
Methane Alkanes Aromatics Methanol Ethanol Methane Alkanes Aromatics Methanol Ethanol

Figure4. Theoretical carbon (left) and energy (-right) e
ent products for disproportionation (blue, eq. laand 2a), with addition of water (red, eq. 1b and 2b),
and with addition of hydrogen (yellow, eg. 1c and 2c).

Thetheoreticakenergy efficiency, displayed for wood feedstoclcigure4 (right), is markedly di

ferent from the carbon efficiency due to the different energy content per carbon for the products,
seeTable4. Without hydrogen additior~{gure4 right, blue and red bars), theoretical eneyid

is typically 96100% (but note the somewhat uncommon definition of theoretical energy efficiency
used her, see above). With hydrogen addition, it is possible to get more energy in the product than
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in the feedstock for all cases. Methane has the kiglaue with 180% theoretical energy effi
ciency, which of course means that a lot of hydrogen needs to be added to this type of process and
that the hydrogen energy can be captured in the methane product.

100%
90% Water addition /

80% Aromatics /
Alcohols e

70%
60% Alkanes

50% Methane
40%
30%
20%
10%
0%

Disproportionation

Wood Carbohydrates Lignin organosolv Fat

Figure 5. Theoretical carbon efficiency with water addition (solid lines) and for disproportionation
(dotted lines, same coloring, methane and methanol lines coincide) for different feedstockbeoretical
carbon efficiency for hydrogen addition is always 100% (noshown).

200%

180% Methane
160% Hydrogen addition
140% Alcohols
’ Alkanes
120%  Aromaucs \
100% T
80%
60% No hydrogen
40%
20%
0%
Wood Carbohydrates Lignin organosolv Fat

Figure 6. Theoretical energy efficiency forhydrogen addition (solid lines) and wateraddition (dotted
lines, same coloring for different feedstocks. Theoretical carbon efficiency for disproportionation is
not shown.

Figure5 shows the influence of using different feedstocks on theoretical carbon efficiency {exclud
ing hydrogen addition). As expected, theoretical yields ayeenifor feedstockith higherH/C

ratios and lower feedstock oxygen content. This is simply explained by the fact that the theoretical
yield is higher the more similar the feedstock is to the desired product. Typically, the theoretical
carbon yield increses by 20 percentage points for fat/oil compared to wood (lignocellulose} or cel
lulose.

Figure6 shows that théheoreticakenergy efficiency is rather constdat a given product, for all
lignocellulosic components (cellulose, lignin or the combination wood) as feedstock. Without hy
drogen addition, fat/oil also has a similar theoretical energy efficiency but the benefit of adding hy
drogen is much less than faretother feedstocks, which is of course due to the high hydrogen con
tent of this feedstock to start with.
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The results of this analysis of theoretical efficiencies can be summarized in a few points:

1 Theoretical carbon efficiency without hydrogen additioB(ds30% for lignocellulosic
feedstock and highly dependent on the desired product molecule, especially its elemental
composition. Carbon efficiency is in general lower for products that have high H/C ratio,
with methane being the extreme.

9 This 5080% carba efficiency translates to 9000% theoretical energy efficiency, when
only limited by stoichiometry (i.e. looking at energy in product compared to energy in
feedstock, without requiring energy sslifficiency of the conversion process).

1 Hydrogen additiortan dramatically change the picture and always gives 100% theoretical
carbon efficiency.

1 Energy yields with hydrogen addition (on biomass feedstock basis) is >100% and as high
as 180% for methane from lignocellulose. This means that a large amountajdryd
needs to be added and that this enesgybestored on the methane product.

91 For fat/oil feedstock, theoretical carbon efficiency is higher, due to the greater similarity
between the feedstock and the product. But this also means that the bestefis tihe
achieved from hydrogen addition is smaller.
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This chapter describes the results from the initial screening of biofuel production technologies and
electrification options that was used to prioritizehnologies for a more detailed studyhud ef
fect of integrated electrification, described in th&trehapter.

The biofuels production pathways to be included in the screening were determined based on rele
vance for theNordic region, presently and futurghis resulted in inclusion of the biofuel produc
tion pathways listedable5.

Table 5. Biofuel production pathwaysincluded in the screening stagef the project.

Category Technology Product Feedstock
Anaerobicdigestion Anaerobiadigestion Biogas Sludge
Anaerobiadigestion Biogas Manure +food waste
Gasification EFG FT crude* Black liquor
EFG MeOH Black liquor
DFBG SNG Forest residues, bark
DFBG FT crude* Forest residues, bark
DFBG MeOH Forest residues, bark
O2FBG SNG Forest residues, bark
0O2-FBG FT crude* Forestresidues, bark
O2FBG MeOH Forest residues, bark
Biodiesel and HVO HVO HVO Tall oil
HVO HVO Slaughterhouse waste
HEFA HEFA Tall oil
HEFA HEFA Slaughterhouse waste
RME RME Rapeseed oil
Lignin sep.+upgrad. HDO Diesel + gasoline  Kraft lignin
Liquefaction+ upgrad. FP + HDO Diesel + gasoline  Forest residues
IH2 Diesel + gasoline  Forest residues
HTL + HDO Diesel + gasoline  Forest residues
Fermentation LC ethanol Ethanol Sawdust
starch ethanol Ethanol Wheat
Ethanolto-jet Biojet Ethanol

* Gasification and Fbased pathways are analyzed up to the production of FT crude without inclusion of an-up¢
ing step from FT crude to fuel products at this screening stage.

4.1 CARBONND ENER@&FFICIENOF BIOFUEL PRODUCTION

The individual production track mass and energy balathetsvere developed in the screening
stage (as described 212) is not shownsince more detaileahd accurate balances were developed
for the prioritized tracks and are showelow (chapte8). Instead, an overview of the screening
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results with conclusion are presentEgjure7 gives a summary of the carbon yields of the differ
ent processes that have bessessedrouped pr conversion technologiigure8 shows the
same data but grouped according to product type.

Anaerobic digestion (AD), starch ethanol and HVO/HEFE/FAME technology tracks do not-use lig
nocellulosic biomass as feedstock. The Adzks studied here gives a rather low carbon efficiency
to biogas and a large digestate stream (denoted solid residue in the figures). Some concentrated
CO, comes from the biogas upgrading process. Starch ethanol has a 40+% efficiency, counting
from grain put excluding the straw, which is not included in the feedstock definition used here,
somewhat arbitrarily).

RME production has high carbon efficiency, which is explained by the relative similarity of the
feedstock (fat/oil) to the product (fatty acidex$tas discussed in chap8HVO and HEFA tracks
have high carbon efficiency from fat/oil to hydrocarbon for the same rgasotine efficiencies
calculated in this report are based on the full original feedstocks crude #adtalaughterhouse
residues, which contain a substanfiattionof nonfat components that are transformed into what
is here defined as residysmce they are not transport fuel products (tall oil pitch and meat and
bone meal, respectively). This cdltion approach gives around-58% carbon efficiency for the
HVO tracks.

Carbon efficiency
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HEFA tall oil IEEEE

HEFA tallow I

EFG MeOHIIIIEEN N
DFB SN

DFB FTI
DFB MeOH NN

AD sludge Il

AD FW & M I

02-FB S
02-FB

02-FB MeOHEIIINNNN——
Lignin HDO I
FP + HDONII
H2
HTL + HDON
LC ethano! NN |
LC ethancto-2 S N |
starch ethano! NG .
starch ethanoto-2 S I

AD HVO FAME DI &AFAOI (A 2ljgnin Liquefaction CSNX Sy i i

m Main prod mCo-prod mResidue mConc CO2 ' Flue gas = WW

Figure 7. Carbon yields of the different processes that have been mapped in this report, grouped per
conversion technologyWW is waste water).

The reminder of the discussion here is related to the tracks that use lignocellulosic feedstocks.
Based orFigure?, gasification technologies seem to give a little bit lower carbon efficiency than
the hydrotreatmerttased tracké Al i gni no and Al i quefactiono).
nologies, EFG and GEB, most of the carbon that does not end up in the product ends up in a con
centated CQ stream that can be captured loetter utilized without separation. This gis@ main
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electrification opportunity, since using hydrogen addition to the syngas this enables converting also
this carbon to biofuel product. Electrolysis can also give a synergy by using oxygen from-he elec
trolyzer in the gasification process.

Another @portunity for gasificatiorbased technologies is to use an electrically heated reformer,

which is especially relevant for DFB and BB-based production of methanol and FT products,

since the syngas from these gasification technologies contain a fegdyftaction of methane that

needs to be converted to hydrogen and carbon monoxide using a reformer. This reformer, in the
base case, uses partial combustion of the gas for heat supply, leading to losses that can be removed
by electric heating.

The indire¢ gasification technology, DFB, as implemented here, is not optimized for fuel product
yield. The DFB process is tightly integrated with a CHP plant and optimized for total yield-of elec
tricity, heat and fuel product. This integration is also the reagsahéaelatively large amount of
carbon that ends up as flue gas CO2 using this techriology

Carbon efficiency is generally around 50% for the refiremyt e gr at ed t echnrnol ogi es
uefacti ono) . -ploductstalre emnbustedaisrafmd, making the rest of the carbon

end up in a flue gas stream. Electrically heated reforming is an option to increase carbon efficiency,
butthe potentialmpact issmaller than for gasification.

Lignocellulosic ethanol has the lowest carbon efficiencynipdecausdignin is not converted to

a primary product but instead produces a solightmduct, lignin fuel pellets, which is used for in
ternal heat demands. Replacing this use with electric heating could potentially free more lignin for
export but techical development is currently needed in order to be able to convert this stream to
biofuels. i.e. what is considered a primary product in this study. Another interesting option for this
track is conversion of the G@treams from fermentation and biogagitading, using electrolytic
hydrogen and catalytic synthesis, for example @@thanation.

Looking at carbon and energy efficiencies grouped by pro8igure8 andFigure9, there is no

clear trend. The discussion about the different theoretical efficienciespter3 concluded that
methane had lower theoretical efficiency but it seems that other factors than the fepasiock
stoiciometry limit carbon efficiency. The tracks that come closest to the theoretical efficiency are

1 Methane (SNG) from oxygeblown fluidized bed gasification (G2B) with 39% carbon
efficiency compared to the theoretical 52% (without hydraagition).

9 Liguefaction and hydrotreatmehtsed tracks (FP + HDO, HTL + HDO, IH2) with-45
52% carbon efficiency. This can be compared to the theoretica(\Githout external hy
drogen addition) from lignocellulose feedstock. The fast pyrolysis track (BRYlds

! An alternative approach for the calculation of balances and y&ld®din the detailed malysis of selected

tracks belowto include this aspect. For biofuel production plants that are tightly integrated with an existing
plant which is the case for GMintegrated DFB gasification and pumill integratedeFG of black liquor, an
alternative approach using system boundaries that surrounds both plants can be used. This approach includes
a differential analysis looking at totaldshass supply to the CHP/pulp mill, at constant heat/pulp production,

with and without biofuel plant integration.
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modelled here also use some biogas for hydrogen generation, so the theoretical 67% is not
completely relevant.
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Figure 8. Carbon yields of the different processes that have been mapped in this report, grouped per
product type
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Figure 9. Energy yields of the different processes that have been mapped in this report, grouped per
product type
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4.2 PRIORIZED TRACKS ANIEETRIFICATION OPTIONS

Based on the worllescribed aboveéhe most promisingroduction tehnologies anelectrification
optionswereidentified according to the list below. These options formed the basis fordtezle-
tailedwork with process design and modellidgscribed further below.

T Lignocellulosic ethanalEtOH)
o0 Electrolysishydrogen for fermentation G@ipgrading to methane
o0 Electrolysis hydrogen for biogas @@pgrading to methane
o0 (Electric heating, low temperature, to increase lignin export)
9 Lignocellulosic ethanol combined with ethanol to(&TJ)
o Electrolysis hydrogn for fermentation CQupgrading to methane or methanol
o0 Electrolysis hydrogen for biogas @@pgrading to methane
o0 Electrolysis hydrogen for ethanol to jet
1 Hydrothermal liquefaction and upgradi(tdTL)
o0 Electric heating of HTL reactor, highmperature, to increase biogas production
o0 Electrolysis hydrogen for hydrotreatment, enabling biogas production from process
off gases (HTL and HDT)
1 Fast pyrolysis and upgradirigyro)
o Electrolysis hydrogen for hydrotreatment, eliminating biogas use
0 Electwlysis hydrogen for NCG upgrading, for example through biological
methanization
9 Black liguor gasificatiorbased methanol productioBL{G-MeOH)
o0 Electrolysis hydrogen for elimination of water gas shift
o Electrolysis hydrogen for full utilization of syngas £@equires reverse shift reac
tor or modification of methanol reactor design)
9 Black liquor gasificatiorbased Ft liquids productioBLG-FT)
o0 Electrolysis hydrogen for elimination of water gas shift
o0 Electrolysis hydrogen for full utilization of syngas £@equires reverse shift)
o0 Electric heating of the SMR reactor, high temperature, to increase FT production
1 Dual fluidized bed gasificatichased methane production (DFEBG)
o Electrolysis hydrogen for full utilization of syngas £0
0 Electric preheating ofgasification steam
1 Dual fluidized bed gasificatichased FT liquids production (DFBT)
o0 Electrolysis hydrogen for full utilization of syngas £@equires reverse shift)
o Electric heating of the SMR reactor, high temperature, to increase FT production
o0 Eledric pre-heating of gasification steam
9 Direct fluidized bed gasificatichased methane production (O25BIG)
o Electrolysis hydrogen for full utilization of syngas £0
o0 Electric preheating of gasification steam
9 Direct fluidized bed gasificaticbased FT ligids production (O2F&-T)
o0 Electrolysis hydrogen for full utilization of syngas £@equires reverse shift)
o0 Electric heating of the SMR reactor, high temperature, to increase FT production
0 Electric preheating of gasification steam
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The role of renewable hydrogen production with hydrogen storage is often highlighted as a link be
tween intermittent electricity production and decarbonization of continuous industrial processes. A
future electricity system based on a large fraction of wind and solar power will have highly fluctu
ating electricity prices and likelgdemand for electricity user flexibility.

Electricity demand flexibility in connection witliater electrolysis can takeffgirent forms de
pending on the time scale looked at.

1 Intermittent on/off type operation of the electrolypara time scale of howdays in order
to avoid peak electricity prices

9 Electricity system frequency contrgy allowing automatic usegoweralterations andell
ing services to the grid operator Svenska Kraforé seconaninute time scale

These tw are discussed separately belttvis important tonotethatsome ofthebiorefinery pre
cesses in which hydrogen from eletyzers are usedyetypically difficult to makeflexible in

terms of load/productionn addition, full load operation is typically desired in order to make full
use of the equipment investmeriience, in this project it has been assumed that in ardgyer

ate an electrolyzer flexibly, there has to exist a buffer, in form of a hydrogen storage, in order to
Afabsorbd the var yiThege cdulgbd potrertia to depelofedflaxibitity obthe.
fuel production processes, but that is not shimg that has been considered in this project.

5.1 INTERMITTENT ON/OFF ELECTROLYZEZR IORN

A water electrolyzer can be operated intermittently with a hydrogen storage as a buffer towards
continuous use in for example electrified biofuels production. Therlaverage electricity price

obtained by avoiding electrolyzer operation in hagist periods could then compensate for hydro

gen storage costs if these are not too high. The purpose of the work described in this section was to
make a higHevel analysis bthe potential profitability of hydrogen storage in connection with a
bio-electrofuelgproduction process.

5.1.1 Methodology and electricity system scenarios

Electricity system scenarios from Svenska Kraf{S&enska Kraftnat 2021yas used as the basis
for the electricity price levels and variabjl Of the four scenarios available, only the two scenar
ios with high future electricity demand were used, since these were consideraelswaetand
more in line with other scenarios for electricity demé®denskt Naringsliv 2019)These scenarios
are (sedSvenska Kraftnat 202Bnd Appendix A for more details):

1 EP ( i e lnegk tprliafrii dasrbt@naridhas)an electricity production of 181 TWh
2030 and 260 TWh 2045 of which 64 TWh is used for hydrogen production.

In this scenario electricity will become the primary energy carrier in Sweden and will be
used within the chersiry, steel and cement industry in order to export emidsganprod
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ucts and fuels. This will lead to a great increase in electricity demand, which will-be pro
vided by intermittent renewables along with already existing and new nuclear power and
CHP.

1 EF( Aiel ekt ri f i &thissnegarida® anrelgchrieity groalyction of 187 TWh
2030 and 285 TWh 2045 of which 84 TWh is used for hydrogen production.

Even greater increase in electricity demand is anticipated in this scenario as sector cou
pling, the hydrogen economy, export of emissfoge products and fosdilee fuels be
comes more significant. Ofhore wind power will constitute the main part of the in
creased capacity together with solar power andrmre wind, whereas nuclear power will
be fuly decommissioned by 2045

Average electricity prices for the scenarios for SE1 (north Sweden) and SESognidSweden)
areshown inFigure10. It can be noted that these are not dramatically different between the sce
narios or between 2035 and 2045. The price variability is larger for EF than EP in 2045, both on a
short and long tim scale, but there is no significant difference between scenarios ih 2035

Average electricty prices

50
mSE1mSE3

EP EF EP EF

2035 2045

40

3

ekKkaz2 K
o

2

o

1

o

o

Figure 10. Average electricity prices for SE1 and SE3 in the studied scenarios.

The methodology used to study thatential benefits of hydrogen stoesgpnsisted of two steps

1. Investigate the potential for a decreased average electricity purchase price depending on
hydrogen storage volumedntrolsmaximum time without electrolyzer running) and elec
trolyzer overcapacity ¢ontrolstime required fore-filling storage after use).

2. Investigate the cost for investment in the hydrogen storage and electrolyzeapaeity
and adding this to the decreased electricity purchase price to see if there is a net economic
benefit.

The methodology for step 1 inkes setting up aeries obptimization problers, where the aim
was to minimize the total cost of electricity purchiesach scenario, storage size and trading

2 See figures 1:19 of the Svenska Kraftnat report for more information on price variability.
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zone When the optimization was successful the values were saved and the iteration anotoess c
ued for another storage size, over capacity or weather year. This was repeated for the selected trad
ing zonegSE1 and SE3)scenariogEF and EPand years (2035 and 2045).

This optimization was performed with a epear foresight horizon over 35 whar years for the

scenarios EP and EF at years 2035 and 2045 for trading zones SE1 and SE3 with a storage size of 2
and 5 days respectively resulting in a total of 560 successful optimizationsaltesult

achievedor each optimization watetotal electricity cost for operating the electrolyzer. The re

sults were averaged over the 35 weather years for each scenario, trading zone and storage size.

The methodology for step 2 involves using the following assumptions for investment costs:

1 Hydrogen storag options: higkpressure tanks or rock caverns

o Highpressure tank investment 50Reufiet kg H2 v
al. 2017)

o Rock cavern i nvest me nstordgsbutdvgh signifikagt H2 @10
economies of scale (scaling exponent O(R&ul’ et al. 2017)

1 PEMelectrolyzerovecapaci ty with i nst ald(muespendingitoe m c o s |
2030 scenario iiSchmidt et al. 201Ayith no economies of scale)

1 Yearly capital cost is estimated by amaity of 10% (corresponding to 8% interest and 20
years economic lifetime)

1 OperationO&M is estimated as?8 of investment per year

The investment costs were annualized and divided by the total amount of electricity purchased, so
that a fistorage costo per MWh of electricity we
age electricity price.

This two-stepprocedure then gives an indication of whethercbrestructiorof hydrogen storage is
profitable for the range of parameters studied, i-eor B-days hydrogen storage and-100%
electrolyzer ovecapacity.

5.1.2 Results

We chose two scales bydrogen storage, leading to two different investment cost scenarios for hy

drogen storage. In the small scale we assume pressurized hydrogen tanks which are estimated at
5000/ kg H2 as specified above. For thhothyl ar ge s
drogenwere assumedvhich corresponds to 5 days storage for 300 MW hydrogen (roughly 500

MW electricity) which is approximately the largest case in this study (most electrified O2FB and

BLG cases, seehaptert).

FigurellandFigurel2 show average electricity purchase costs, botorrectedj.e., only ae
counting for the potential decrease in electricity purchase price if hydrogen storage can help avoid
ing purchase during high process periods,@ndcted i.e., including the costs associateith

3100 GWh corresponds roughly to 1 GW for 4 ddy&Wh is roughly 10 MW for 4 days
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construction and operation of the storage and electrolyzetcapeicity. We have chosen to show
data for scenario EF 2035, which has the lowest price variability, and EF 2045, which has-the high
est pricevariability. The scenarios EP 2035 and 2045 would be somewhere in between these.

It is clear from both figures that there is a clear potential to decrease the electricity purchase costs
(dashed lines). For the high price variability scenario EF 2045 dag Storage and 100% electro

|l yzer, the potenti al i s almost 50% average pri
2035 EF the potential is up to 30#owever, fromFigure11 (solid lines) it is clear that when-ac
counting for the high storage investment cost ¢

corrected cost is increased as soon as hydrogen storage is implemented, and that the situation be
comesworse with larger storage (5 days).
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Figure 11. Average electricity prices for scenarios EF 2035 (top) and 2045 (bottom) for case hydrogen

tank storage (500 u/ kg H2) investment. Average pric:
lines show (red, purple, blue, green) decreases in electricity purase costs with increasing storage and

electrolyzer capacity.Solid lines show corrected electricity prices incl. additional investments.

Figurel2instead shows results from a scenario where hydrogen storage can be built for the 55
a/ k gi.e. B2GWh hydrogen rock caverns. In that optimistic case, there is potential for hydrogen
storage implementation to be profitable in SE3 for the higle praciability scenario 2045 ERhe
electricity cost can bereducbdy u p t o apProxulO%)¥Wwh2040% electrolyzer oveca

pacity. However, for SE1 in the 2045 EF andboth SE1 and SE3 e lower price variability
scenario 2035 EF, the analysioes not show any potential benefits.
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Figure 12. Average electricity prices for scenarios EF 2035 (top) and 2045 (bottom) for rock cavern
storage (55 U/kg) investment. Average prices withouf

(red, purple, blue, green) decreases in electricity purchase costshvincreasing storage and electro
lyzer capacity. Solid lines show corrected electricity prices incl. additional investments.

5.2 ELECTROLYZER OPERATION VEXBBIEITSERVICES

In addition to the on/off type of response to electricity market prices distabsee, it is often
proposed that electrolyzers can offer grid balancing serwidgsh would generate a revenue
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stream that can decrease overall hydrogen production cost. It has been shown that PEM electrolyz
ers can beontrolled with a response timeashenough to be useful for grid frequency control
(Hovsapian 2017; Eichman et al. 2014)

5.2.1 Methodology

The electricity marketcenarios used in the previous sectilmnot contain any future estimates of
prices for grid servicedt has shown very difficult to preditiistoricalmarket prices for grid ser
vices based on empirical grid data and @assidered even more difficutt thake anyredictions

of future priceslin this section, we stiliry to make a rough scenario of a potential revenue stream
from grid services, based on historical price data. Wehes&equency control service FENRas

an example since the time scafahis service (secondsiinutes)is markedly different from the
price-controlled operation discussed abdkieursdays)and because it has been discussed as-prom
ising for hydrogen production.

FCRN is aservice where a local controller is installed aekttricity consumemwhichcanthen

used to regulate the power used, up or down in order to improve the grid frequency .stgility
ska Kraftnat continuously purchases F@Rervice so that 230 MW is available in Sweden. Power
consumers that aspprovel and have installed controllers are allowed to make bios average
prices for FCRN have been varyingccording torable6. As noted above, the future development
of these is difficult to predict.

Table 6. Average FCRN market prices 20172020(SvenskKraftnat 2022)

FCRN average market price

2017 235e ka2 K K
2018 oyp e€ka?kK
2019 onxdog ekaz? kK
2020 MpX T €e€kKka?2kK
Average 2012020 27e ka? kKK

In order to be able to offéiCR-N services continuously, is required to have
1. Electrolyzer overcapacity corresponding to the amount of serviceeded.

2. Hydrogen storageapacityaccording to théaydrogen productionvercapacity and the
time frame in which upand downregulation can be expected to cancel out.

For item 1, we use ¢hsame assumption as in the previous section, i.e. that electrolyzeapaer
ityi s associated with gseaebl)i nvest ment of 800 0/ kW

For item 2, taunderstand thenaximumstorage capacity needed, we lookediatorical data from
April 2020. Those data indicates that the accumulaetddeviation fronthe nominal power con
sumption is within £2MWh per MW of flexibility offered fafCR-N and hence that you would
needapproximatelya 2 h storage capacitjo have margin, & have used @ah storage capacity,
corresponding t8 MWh of hydrogen storage (approximaté2o etto-hydrogen efficiency) per
MW FCR-N offered.Compared to the on/off operation (€e#), the storage capacity requiremt f
FCR-N flexibility services is small (4 h compared téb2lays). Hence, only tHeégh-pressure tank
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option with aninvestmenof5 0 0 U /(Rew?3 et 2017 orrespondingtda 50 00 G4/ MWh
is used.

5.2.2 Results

With the assumptiafrom the previous sectigtthe investment requirddr offering 1 MW of
FCRN is 800 ku f &b kUetbdr oUsingae anguayi D% tolcaculate
capitalcost correspondingo 10 years straight payack or 8% interest over 20a1s) and 2%
O&M per year, the cost of the equipment required for the-NGRrvices id 0 1 MW/ or 12

U MW/h (assuming 8500 h/y operation).

Thist ent at i v eMW/tocantbe anipargdto tiie/202020 averagéor FCRN services,
whi ch i s .IRigcledr thatl My/olnmanage to get the average price for a full year oNFCR
services, you camake a profitofL 5 U / , MiK/MNV corresponding to the amount of eleetro
lyzer overcapacityThis means that # bio-electrofuelgplant,as a reasonable examgiestalls
50%celectrolyzerver-capacity(i.e. 0.5 MW of FCRN is offered per MW of average electrolyzer

power consumptionthere is a potentialtosav 7. 5 G4/ MWh of dflyjmasumeci t vy

thatyoucangét he average price of 27 a4/ MW/ h 50% of
50% of the average ijwe 100% of thetimg,, t here i s a potential to
purchased.

In summarypased on historical priced FCR-N services and 50%stalled electrolyzer overa

H2

P
t h
s a

pacity, the potential net revenue from selling FISRervicexcanbed-7 0/ MWh of el ect r i

sumption. This is significantly betténan the cost sauwys discussed abowit the future potential
revenue for flexibility services, such as FGRis highly uncertain.

5.3 CONCLUSION

A conclusion from these results is tivaermittent on/off operation artdydrogen storag® de
creaseaverageelectricity purchase pricdoes noseem tashow a significant potential to decrease
production costs fdio-electrofuelgproduction Only one of the studied cases showed potential for
corrected electricity cost decrease and in that lessahan 10%. Of course, scenarios with higher
electricity price variability may change that conclusion.

The potential toffer flexibility services to the grid operator was studied using the-RQfstru-

ment as example. Historical prices indicate thaah be possible to decrease the net edégtiost

by 47 0/ MWh -20% of tlee.averhde electricity price in the electricity system scenarios used.
But these resultare very uncertaidue to the uncertainty ofifure revenues from flexibility ser

vices Ant the 1020% potential cost decrease is much smaller than the uncertainty in the electricity
prices in the scenarios used.

We havethereforechosen not to explicitly includatermittent operationhydrogen storagand

flexibility servicesin the techneeconomic calculations. However, by using different average elec
tricity prices, hydrogen storage can be said to be implicitly included. Based on the results of this
section, wehaveusad 30U/ MWh and 40 G4/ MWh as e-+oemmicana i t vy
ysis see2.4and chapter. In the techneeconomic analysis, we have note differentiaksdtricity

use for hydrogen production and other purposes (such as compression, heating).
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In this chapter, the results of the mdithg) of the selected tracksde4.2) are presented in separate
subchapters. The results are presented with the scale/production capasityered realistic for a
commercial implementation of the technolobut efficiencies are in most cases largely scale-inde
pendentThe results are treummarizedat the end of thehaptey using the efficiency metride-
scribed in2.3.

6.1 ELECTROLYSIS

Electrolysis is not a separate production track, but is desdndredn a separate sghapter, since
it is a technology used as an electrification option in many giribduction tracksTwo different
electrolysis technologyproton exchange membrafREMEQ andhigh-temperature solid oxide
(SOEC) are considered fmtegration to the production process.

Figurel3illustrates the simplified system schematic of both electrolyzer systems. All systems pre
sented in this report use the same system configurattile the size of the electrolysis setto

match the given hydrogen requirement. The required heat for increasiwgtdrefeedemperature

to operatingemperaturés provided firstly from internal heat integration in the electrolysis system
or with thebiofuel production plant where possibgectricity is used fothe final hightempera
tureheatingfor SOEC Internal heat integration is indeed more VitalSOECas this system oper

ates at higher temperatures.
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\ Exchanger out tank pr
Storage
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Electricity to cell
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Electric final heating
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Figure 13 Simplified system schematic of a) PEMEC and b3OEC

Electrolyzer systems are modeled using Aspen Plus. Built in blockgliefspen Plus library

was used to model heat exchangers as well as commddearever, there is no readily available
block to represent electrolyzer unit itself. In this case, a stoichiometric reactor linked to-user de
fined calculator blocks was used to introduce the electrochemical reactions as well as electrical
power requiremerand other operational parameters such as voltdgetable belovehowsthe
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input parameters used in the model development and few of key results based,¢atgsHre

duced by each system.

Table 7 Electrolysis systemassumptions and key results

Parameter

Temperature

Pressure

Voltage

Utilization Factor

Sweep Airr+*

Hydrogen Recirculation
Results

Water Consumption

Oxygen Production
Electrolysis Electrical Demand
Hydrogen Compressio#0 bar
Heat Input

Electrical Efficiency

System Efficiency

* https://elcogen.com
** https://www.hiat.de

Unit

atm.

%

ka/kgi2
ka/kgi2
GWh/kgi.
GWh/kgi2
GWh/kgi.
%

%

Value
SOEC
700*

1.6
0.7
None
14

8.97
7.94
43
2.9

77.4
60.4

*** Anode side in case of no immediate use of produced oxygen

6.2 LIGNOCELLULOSIC ETHANOL

6.2.1 Process description and modelling methodology

PEMEC
70**

2**
0.7
None
None

8.97
7.94
53
24
0.5
62.7
59.3

The base case (EtOH) ethanol plant description and capacity areobasedlitaneous saccharifi

cation and fermentation SSF pathw&yanko6, Galbe, and Wallberg 2018he plant produces 48

MW HHYV (5.8 ton/h) ethanol from 137 MW HHYV (56 ton/h at 55% moisture content) sawdust. In
additionto ethanol, the process produces biogas (via anaerobic digestion AD distillation stillage)
and solid fuel in form of pellets (primarily derived from lignin). In the pretreatment process 20 and
4 bar saturated steam are consumed by directly mixing witle¢ldstock. Additional 4 and 20 bar
steam are required for heating in the upgrading (distillation reboiler) and for preheating drying air
in the pellet dryer (required to reduce moisture content of pellets to 12%), respectively. In the base
case, steam regqements are satisfied internally by combusting solid residuals of the AD and part

of lignin in an integrated CHP plant operated in a Rankine cycle with maximum cycle pressure and
temperature of 90 bar and 470 The plant has internal electricity consuioptof 3.6 MW which

in the base case was supplied by the CHP.

A process block diagram of lignocellulosic ethanol pathway with indication for electrification op
tions is shown irFigure 14. Electricity can contribute to improve the yield of pellets by reducing
solid residues combusted in the base case and that of biogas by utilizing concentsagied CO
duced in the fermentation and AD upgrading steps using@hsis-derived hydrogen. Thus, two
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electrification options are evaluated for this pathway. In the first option (EtOH_MVR), mechanical
vapor recompression (MVR) heat pumps are considered to take advantage of availginéslow

sure vapor and hot water forgaucing process steam at required pressure levels. Description of the
MVR configurations and the process sections involved are presamggpendix3. In the second

option (EtOH_MVR_H?2), in addition to the MVR the process is enhancedalattrolysis that
produces hydrogen to convert the 8f@m fermentation and AD into biomethane via catalytic
methanation and upgrading.

co?2 Steam
water (SNG) (MVR)

Distillation ]—>[ Dehydration ]—bEthauo]

Steam
(MVR)

Lignin
shurry | yeast SHEYMES 9 stillage /_lﬁ
tank
Pellet plant
| PN Dryer
Yeast
cultivation

—
E—
Nutrients

Oxygen CHP

Molasses 1

Steam
(MVR) water

Pretreatment

—> Pellets

Steam
EL

Flue gas
shidge

Anaerobic
digestion

_l_/ coz
(SNG)
¥

—> Biogas
[ 1

WWT

Figure 14. Schematics of lignocellulosic ethanol (electrification options indicated in bracks)

The process modelling of the three configurations are implemented in UniSim Design® flewsheet
ing software. Thermodynamic property model NRTL was selected due to the polar mixture of etha
nol and water. Detailed modelling approach is summarizédlihe8.

Table 8 Lignocellulosic ethanol modelling methodology including electrified options
Pretreatment Pressurized mixing to 4 bar'5%C and to 20 bar, 205°C successivéigld reactor
to decompose feedstock to fermentable sugars and water insoluble solids ()
Depressurizing pretreated feedstoct Flash tanks at 4 bar and 1 bar
Fermentation Conversion reactor at 35°C

Ethanolupgrading Beer column at 3 bar, 15 stages, 93% vol. ethanol, reboiler run on external |
Rectifier columrg shortcut column, reboiler run on energy recovered from be
column condensemolecular sieve; component splitter

Anaerobic digestion (AD) Con\ersion reactor

Biogas upgrading Amine waskg component splitter

CQ compressor (electrified option)  Two stage compressors with intercooler to 40°C, polytropic efficiency 79%

Reverse water gas shift (electrified Equilibrium reactor, 750°C, 3(@r

option)

SNG synthesis Three equilibrium reactors in series with cooling between reactors and a fin:
condensing cooler to 40°C
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BIGELECTRO FUELSYBRID TECHNOLOGY FOR IMPROVED RESOURCE EFFICIENCY

6.2.2 Mass and energy balances

Carbon and energy balances are shown by the Sankey didgigumsl5 andFigure 16, respee
tively. Table26in Appendix 4detailsthe carbon and energy balance for lignocellulesianol un
der base case (EtOH) and electrification options.

EtOH C-balance [wt. frac]

Feed (1) Ferm. (1)

AD'(0:1),

m’(mns)-

EtOH_MVR C-balance [wt. frac]

Feed (1) Pretr. (1) Ferm. (1)

EtOH_MVR_H2 C-balance [wt. frac]

- Dryer (0.46). Pellets (0.46)
o (0.88);
Feed (1) Stillage (0.64)

Comb1(0:07) i FGI (0:07) Il

Figure 15 Carbon Sankey diagramsi lignocellulosic ethanol
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It should be noted that electrification does not increase ethanol yield, but pellets andAmeogas.
cordingly, when MVR heat pumps (EtOH_MVR) were considered for lifting flash vapors-to pro
cess steam pressure levels pellet production increased by about 60% while the system shifts from
net electricity exporter to importer. Furthermore, adding elecim{{gtOH_MVR_H2) raises elec

tricity deficit from about 9 MW under MVR option to about 90 MM The corresponding produc

tion of biomethane (synthetic natural gas, SNG) increases by about 450% from 44 bidgas

in the base case.

EtOH HHV [MW]

cu (o.z)[___]

Feed (1) Pretr. (1.08) Ethanol'(0.35)|]
fern (d) Dist:(1.05)
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Figure 16 Energy Sankey diagramg lignocellulosic ethanol
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6.2.3 Summary of electrification potential

Electrification contributes both as source of heatlardiogen to boost carbon conversion-effi

ciency of lignocellulosic ethanol production process. With the help MVR heat pumps the thermal
loads of pretreatment (100%), distillation (100%) and pellet drying (50%) can be satisfied with
electricity. The resultshow that MVR heat pumps increase carbon in products to 75%
(EtOH_MVR) from 57% in the base case (EtOH). Adding electrolysis further increased the carbon
efficiency to 93% (EtOH_MVR_H2) by enabling-pooduction of synthetic natural gas.

6.3 ETHANGIGJET FBL

6.3.1 Process description and modelling methodology

Sustainable aviation fuel (SAF) is becoming a priority among liquid renewable fuels. Aktohols
Jet (ATJ) pathways for SAF production have been recognized agatmorstrategy to reduce GO
emissions fom aviation(Geleynse et al. 2018This pathway was first certified in 2016 (using-iso
butanol) and 2018 (using ethan{Busan van Dyk and Jack Saddler 20P2A predicts that this
pathway could reach commercialization by 2086san van Dyk and Jack Saddler 20ZD) elab

orate ATJ pathway, the lignocellulosic ethanol plant presented in previous section was expanded to
include ethaneto-jet conversion steps shownhigurel?. In practice, the ATJ steps can utilize
ethanol sourced from multiple plants allowing production volumes that exploit ecenfesogle
benefits. The re&frence case has a capacity of 104 MW HHYV total hydrocarbons, 92 MW HHV jet
and 12 MW HHYV diesel fraction. This would require ethanol feed 113 MW HHV, equivalent to
about 2.5 times the ethanol plant capacity and configurptesenteébove(Figure14).

Figurel7illustrates a simplified schematic of ATJ process consisting of three main steps, namely:
dehydration, oligomerization, and hydrogenation. Ethanol is first dehydrated into ethylene where
hydroxy group is removed in the form of water vapor resulting in about 45%rathggion. De
pending on the temperatures, pressures, and performance of the design, a combination-of distilla
tion, liquid- liquid separation, and molecular sieves might be used to remove water. If there is low
conversion in the dehydration reactor, unted@lcohols may be recycled by feeding this stream to
the prior alcohol/water separation unit (if the alcohol is produced through fermentation).-The oli
gomerization of ethylene into higher hydrocarbon chain lengths, typical for jet range 9 to 16, is
commecially available technology in the petrochemical industry. Ethylene oligomerization for
ATJ achieves carbon range distributiont@ Co+ centered aroundi:gand G.. In the final stage,

the olefins must undergo hydrogenation step to saturate the dambole formed during oligomeri
zation. Sufficiently saturated product is critical to ensure desired fuel properties, such asdow reac
tivity (Geleynse et al. 2018Hydrogen required in the process can be partly sourced by recycling
unreacted hydrogen gas from the product stream.
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Electricity can contribute both as heat source (dehydration and oligomerization) and hydrogen
source (hydrogenation) in the ATJ configuration evaluated in this work. In the refeesace c
(EtOH2Jet), heat and hydrogen were assumed to be sourced from biogas produced at the back
ground ethanol sites, which assume base case configuration (EtOH) described imskdtioder
electrified option (EtOHJet_H2), heat and hydrogen were derived from electricity and the corre
sponding background ethanol plants assume electrified configuration (EtOH_MRV_H2). More
over, EtOHJet_H2 was evaluated@assng SOEC and PEM electrolysis options.

6.3.2 Mass and energy balances

Figurel8in combination withTable27 andFigure66in Appendix 3summarizes carbon and-en
ergy balance for the etharmtjet process, including aggregated indicative balances for the back
ground lignocellulosic ethanol planiehe EtOH2Jetbase configurationonsumes about 55% of
biogas produced at ethanol productioesitfTwathird of the biogas is used for heating and the rest
for hydrogen production. Under EtOH2Jet H2 case, ab®WMWy is required for heating and 5.1
MW,.SOEC or 5.6 MWPEM for hydrogen production.
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Figure 18 Carbon Sankeydiagramsi lignocellulosic ethanol to jet fuel (including indicative balances
for the background ethanol plants)

6.3.3 Summary of electrification potential

Ethanolto-jet process consumes about 10% and 3.5% ethanol energy equivalent (HHV basis) in
form of heatand hydrogen, respectively. In the EtOH2Jet case 12 and 6 MW HHV biogas is used

to supply heat and hydrogen requirements, respectively. Hydrogen is assumed to be produced in an
integrated SMR as depictedhigure66 (EtOH2Jet). EtOH2Jet_H2 configuration consumes 13

MW, for heating and 5.6 MWfor electrolysis PEM configurationkjgure66 (EtOH2Jet_H2).

From a systems perspective that include generation of ethanol for ATJ, electrification increases car
bon conversion by increasing pellets and biogas/SNG yield,ad#e9. Jet fuel or diesel produc

tivity is not impacted by electrification.
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6.4 HYDROTHERMAL LEPACTION OF WOODY BIOMASS

6.4.1 Process description and modelling methodology

The hydrothermal liquefaction (HTL) process data, description and flow diagram were as presented
in WP1 which were taken from Tews et@lews et al. 2014ajn this work, 94 MW HHV feed

stock is pretreated into pumpable slurry and liquefied in water media under subcritical conditions,
204 bara and 30C. Biooil, agueous, gas and solid phases are separated in subsegent®ie

biooil phase is hydrotreated and upgraded into 68 MW HHV energy equivalent products, namely
gasoline (49), diesel (11) and heavy hydrocarbons (8) components.

The HTL models used to derive mass and energy balances are implemented in UniSimTDesign
enable reasonable estimation of missing parameters, appropriate thermodynamic property models
were selected for the different process sections, HTL (SRK), hydrogen plant (PRSV) and upgrad
ing (NRTL). Detailed description of modelling of the HTL pathviegummarized ifTable9.

Table 9 HTL of forest residue modelling approach

Surry prep Mixing tank, atmospheric
Slurry pump Rotary pump exit presure 208 bar, 300°C
HTL Yield reactor at 207 bar, 300°C, fed preheated slurry at 300°C using heat recovered

HTL product effluents

H, plant Steam reformer, exit temp. 950°C, 30 bar, modelled as eq. reactor
Additional steam injection at 400°C, tovta equilibrium towards b
PSAc modelled as component splitter

HDT Yield reactor, bidemand 0.05kg/kg biocrude

Upgrading Distillation based on boiling point, gasoline <155°C, diesel <365°C and heavies >36¢
Anaerobic digestion (AD)  Conversion reactor

Biogas upgrading Amine washg component splitter

Biogas combustor Gibb's reactor, with spec. control on flue gascOncentration

In the base case (HTL_biogas) configuration biogas is used both as source of energy for-the lique
faction reactor and as source of hydrogen for upgrading biooil into transport grade biofuels. Part of
the biogas requirement is supplied from AD of the HTLesmus phase. Part of the hydrogen re
quirement derives from the n@ondensable gases produced in the HTL reactor and upgrading off
gases.

A process block diagram for forest residue based HTL and upgrading to biofuels including electri
fication options is sbwn inFigure19. Two electrification options are evaluated depending on the
extent of biogas replaced with electricity. In the first option (HTL_HZ2) onlydsagsed to produce
hydrogen is replaced with electrolydiased hydrogen. In the second option (HTL_xH2), in-addi
tion to electrolysis the energy demand of the HTL reactor is supplied with electricity. In the latter
option biogas derived from AD of the HTdqueous phase is exported as main product.
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6.4.2 Mass and energy balances

Figure20in combination with Appendix 4Hgure67 andTable28) summarizes carbon and-en

ergy balance of the base case and electrified options. In the base Tasbifigas) configuration

the process barely requires external electricity (0.67.)/Mt consumes about 38 MW HHYV bio
gas. Under the electrified options, the share of external electricity increases to about 21 and 38
MW, for HTL_H2 (biogas for hydrogen replacement) and HTL_xH2 (total external biogas re
placement) scenarios with PEM electrolysis technology, respectively. The corresponding biogas
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demands drop to 20 and 0 MW HHV for HTL_H2 and HTL_xH2, respectively.
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Figure 20 Carbon Sankey diagramsi HTL and upgrading

FDOS 45:2022



6.4.3 Summary of electrification potential

The electrification potential for HTL and upgrading track is limited to replacing biogas consumed

in the base case for heating the HTL reactal @s feed to the #plant onsite. Thus, electrification

does not directly increase HTL product yield but reduces carbon loss of the process by as much as
20% when electricity replaces external biogas. Under the HTL_xH2 case 5 MW HHV biogas is ex
ported inaddition to drogn biofuels.

6.5 FAST PYROLYSIS

6.5.1 Process description and modelling methodology

Process configuration, description, data and flow diagfagure21) were as presented in WP1

which were taken from Carrasco e(@hrrasco et al. 2017 he plant capacity considered in this
study was however scaled to reflect the commercial pyrolysis configuration developed by BTG
bioliquids® which so far has operational installations in the Netherl&rdpyro Hengelo),

Finland (Green Fuel Nordic) and Sweden (Pyrotellhe pyrolysis plant has feedstock capacity 27
MW HHV which after pyrolysis and subsequent oil hydrotreatment upgrading is converted into 20
MW HHV energy equivalent hydrocarbon products, namely gasoline (10), diesel (7) and heavy
fraction (3).

The masand energy balances were derived from a model developed in UniSim Desdptu
mentedTable10. To enable reasonable estimation of missing parameters, appedharmody

namic property models were selected for the different process sections, pyrolysis, condensation,
and hydrogen plant (PRSV) and upgrading (NRTL).

Table 10 Fast pyrolysis and ypgrading modelling approach

Pretreatment Coneyor dryer, to 8% moisture content

Fast pyrolysis Yield reactor, 520°C, 1.013 barg

Separation Cyclone, separate char & bed material
Quench tower Flash tank at 75°C cooled with recycled pyrolysis oil
H, plant Steam reformer, exit temp. 950°C, Bar, modelled as eq. reactor

Additional steam injection at 400°C to favor equilibrium towards H
PSAc component splitter

HDT Yield reactor, bidemand 0.05kg/kg biocrude
Upgrading Distillation based on boiling point, gasoline <155°C, diesel <z6ffGeavies >365°C
CHP Char combustor modelled as conversion reactor with spec. control on flue.gamentration

Preheated sand to pyrolysis react@team Rankine cycle, HPS at 540°C and 120 bar

4These commercial plants dotuse hydrotreatment processes to upgrade pyrolysis oils tocfuredsntly.
Empyro and Green Fuel Nordic produces fuel oil (for heating) and Pyrocell upgrades the oil by catalytic
crackingin the PreenRefinery Thus, the oxygen will be removed as £ 6ot as HO as it would with
hydrotreatment. Pyrolysis oil hydrotreatment is not yet a commercial process.
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In the base case (Pyro_biogas), the intermediatiuptdiooil is hydrotreated and upgraded onsite
using hydrogen derived from steam reforming of externally supplied biogas. Part of the hydrogen
requirement is produced by reforming the fommdensable gases generated during pyrolysis reac
tion. The pyrolyss reactor is heated with hot sand from a combustor that burns pyrolysis char. In
addition, the combustor produces HPS at 120 bar arftC540ich is expanded to generate elec
tricity in a condensing steam turbine operated in a Rankine cycle.

The potential dr electrification in this case is limited to replacement of the external biogas with
electrolysis derived hydrogen (Pyro_H2). The option to use an electrically heated pyrolysis reactor,
which could potentially have avoided combustion of pyrolysis chas,ewvaluated but it was con
sidered technically uncertain how it would be implemenitkzhce, this electrification option was

not included.

Pre- ) .
—Feed—>] »| Pyrolysis Biooil = HDT | Gasoline
treatment » [ » Diesel

' HeAat+ | |
Bed Char+ NCG
H Bed

NCG

|

Hydrogen Biogas
plant (Hydrogen)

i—el.J I—Flue gas—> I—Flue gag———->p

Figure 21 Schematics of fast pyrolysis of forest residue to biofuels (electrification optidndicated in
bracket)

----------- CHP

6.5.2 Mass and energy balances

Figure22 and Appendix 4Kigure68, Table29) summarizes carbon and energy balance of major
process streams under the base cas® (Bipgas) and electrified option (Pyro_H2). The Pyro- bio
gas configuration resulted in a net electricity export 1.7 MWllereas the Pyro_H2 configuration
resulted in net electricity deficits of 7 and 9 MWgr SOEC and PEM electrolysis processes, re
specively. Figure22 andFigure68 show Sankey diagrams for carbon and energy flows, respec
tively.
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Figure 22 Carbon Sankey diagransi fastpyrolysis.

6.5.3 Summary of electrification potential

When it comeso pyrolysis the application of electricity to improve process performance is limited

to replacing hydrogen source for upgrading pyrolysis oil to biofuels. The overall carbon efficiency
sees 8% increase from 50% under Pyro_biogas case to 58% in the Pyandi#2e corresponding
change in energy performance is even smaller about 4%, from 57% in Pyro_biogas to 61%. About
31% of the carbon in feedstock ends up as char, which is combusted to regenerate the bed material
for pyrolysis. Thus, it is difficult to@ieve significant improvement in carbon conversion without
recovering char somehow and exporting it as product.
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6.6 BLACK LIQUOR GASIFICATION (BLG)

This subchapter describes the black liquor gasification (BLG) process and its integration woth a
pulp mill. This process is common to the two biofuel production pathways, producing methanol
and dropin fuels,described in the following suthapters

Black liguor (BL) is a byproduct of chemical pulping process containing inorganic (pulping-chemi
cals), organic (ligin, small fractions of cellulose and hemicellulose) fractions and water. Entrained
flow gasification (EFG) of black liquor has been successfully demonstrated at pilot scale)3 MW
for over 25 000 h in Pited, Swed@lafri et al. 2016)The BLG reactor is oxygelown operated

at 30 barg and 108Q. The raw gas generated in the reactor is quenghdvaterto recover

pulping chemicals in the form of green ligwanich is sent back to the chemical recovery loop of

the pulp mill. Thus, the raw gas exits the BLG unit saturated at abol€ 2IBe raw gas is then
cooled in a counteturrent condenser to 20, while lowpressure steam (LPS;53bar) and hot

water are ppduced from the recovered heat. In the reference case, oxygen is assumed te be deliv
ered from an air separation unit (ASU) onsite which has electricity consumption about 0.5 kWh/kg
Oz (Zhang et al. 2014)Jnder electrified configurations involving electrolysis, part or total oxygen
requirement is covered from the electrolysis unit. The BLG mass and energy balance used for the
reference case derives from dataasured at the pilot plagtafri et al. 2016)and scaledip tech
noeconomic evaluatior(&kbom et al. 2003; Carvalho et al. 201Bjocess block diagram for EFG

of BL including syngas handling to achieve high quality syngas ready for biofuel synthesis is
shown inFigure23, andTable11l documents the corresponding modelling strategies implemented.

: A ! ’ ‘ !
oxygen LPS l 1PS LPS Add gas
I 2 H (CO2 recy.)
v (Hydrogen) ¥ ¥ !
L]
L]
. WGS hi :
__ Bladk EFG [ ; _23;&93 AGR =
liquor & (rWGs) e a
Green E condénsate Ll:’ S
«--==liquor===-= ¥ ¥

to mill

Figure 23 Schematics of EFG of BL up to sweet syngas éefrification options indicated in brackets)

Table 11 BLG modeling methodology up to sweet syngas

BL pump Centrifugal pump with outlet pressure 31 baAgliabatic efficiency: 75%

BLG (EFG) Equilibrium reactor, 1050°C, 31 baEgmpirical correlation for compo
nents with poor equilibrium prediction, e.g.,%l Chl

Counter current condenser (CCC) Multiple heat exchangersFlash at 80°C and 40°C

WGS reactor Saturator 19€200°C Equilibrium reactor ~400°C

AGR (amine wash) Component splitterSteam demand for reboiler duty calculated external

The BLG cases were evaluated under integrated configurations in which the system boundary in
cluded steam system of the pulping procassllustrated irFigure24, in a similar wayasmany
other studies of BLGCarvalho et al. 2018; Jafri et al. 2020; 2018)a conventional pulp mill, us
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ing the Kraft pulping process, BL is combusted in a recovery boiler to generate HPS which ex
pands in stearturbine that allows extraction of process steam at required pressure levels. The
cooking chemicals are recovered in smelt form at the bottom of the recovery boiler. Process steam
deficit is complemented from a biomass boiler fueled with falling bark. Vighetrof the BL is uti

lized for biofuel production, the steam produced in the recovery boiler is significantly redueed. Ad
ditional biomass must be supplied to the biomass boiler which was assumed to have capacity
enough to ramypoip steam production. As defed inFigure24, part of pulping process steam is
satisfiedby excess heat frorthe subprocess of the biofuel plant, leading to a Iduedrmakeup

demand in the biomass boiler.

From a systems perspective BL becomes internal stream and its consequence is reflected on the
changes in biomass intake and net power generation as well as on the produced biofuels, all of
which cross the systenobndary shown ifrigure24.

The mass and energy balance of the BLG cases were derived from models implemented in UniSim
Design using PRSV themdynamic property package. The steam balances from UniSim Design
models were aggregated with a reference pulp mill model CHP system (described in the-next sec
tion) to derive integrated process streams.

Kraft pulping IPS

I Black liquor (BL)
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I AL Entralngq flow
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Figure 24 Integrated BLG based biofuef processsystem boundary

6.6.1 Reference pulp mill

Thepulpmill in which the BLG process is integratieave been simulateasa stateof-the-art pulp
mill using softwood as feedsto¢Berglin et al. 2011)The production was set ta0B0 ADt pulp
per day, corresponding to about the size of the largest pulp mill iat@pein Scandinavia today.
The softwood raw material used in the pulp mill consists of 50% pine and 50% Spiriscgener
ates about 360 tBLS (BL solids)per day.
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Under businesasusual (BAU) operation, the reference pulp mill has steam surplustfrecom

bustion of black liquor in the recovery boiler. The falling bark generated during the debarking of
incoming biomass was partly used to fuel the lime kiln. The remainder can be combusted in a bark
boiler, generating additional higiressure steam (K8, but in the reference case of this work that
was not implemented, meaning that excess bark is exported from the mill. Still, the mill has large
steam surplus which is used for power generation in a condensing turbine.

Some key features of the energgteyn of the reference mill are:
1 Recovery boiler with steam data 100 bar(g),°805
Feed water preheating to Fsto increase HP steam generation.
Recovery boiler flue gas cooler to reduce LP steam consumed in air preheating.

Medium pressure (MP) steamepieating of all recovery boiler combustion air to ZD5

=A =4 =4 =4

Recovery boiler soot blowing steam is extracted at 25 bar(g) from the turbine instead of us
ing HP steam.

MP steam is extracted from the steam turbine at 9 bar(g) and 12 bar(g)
Low pressure steam igteacted at 3.5 bar(g)

Pressurized condensate system

=A =4 =4 =4

Temperature of the hot water (8 and maximum use of hot water for boiler feed water
heating.

The power consumption for the mill is estimated to 727 kWh/ADt and the resulting power balance
is presenteth Table12. To reflect actual mill Kraft pulp mill operation the steam generated from
the biomass boiler of the reference mill is excluded. Excluding tt&fktn the biomass boiler,

about 614 kWh/ADt is sold to the grid. This corresponds to 51 MW electricity exported to the grid.
The netpower to the grid with the bark boiler in operation would have been about 993 kWh/ADt.

Table 12. Power balance for the reference mill BAU excluding biomass boiler, kWh/ADt

Power balance kWh/ADt MW
Backpressure part of the turbine 841 70
Condensing part of the turbine 500 42
Sum 1341 112
Consumption kWh/ADt MW
Process 727 61
Sold 614 51
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6.7 BLACK LIQUOR GASIFICATION FOR METHANOL PRODUCTION

6.7.1 Process description and modelling methodology

The BLG methanol pathways assume about 60% of available BL corresponding to 338 MW HHV
(2220 tBLS/day) is gasified into raw gas. The carbon content cfeBd the upper limit for biofuel
production. The total BL carbon flow in this case was estimated 34 ton/h (about 10% of BL carbon
is inevitably returned to the mill as part of green liquor). Multiple syngas conditioning steps are re
quired to achieva gascompositionoptimal for methanol synthesis (MSY&.g.measured by the
so-called synthesis gas Module (M), HEO,]/[[CO+CO,]. Sweet syngas at MSY reactor entry has
an optimal M value 2.07 from a raw gas value 0.05. Thus, in the base case the raw gagsinderg
water gas shift (WGS) to enrich its Ebmposition and acid gasmoval (AGR) to reduce impuri
ties and CQprior to entering the MSY reactdfigure25 shows process block diagranot sweet
syngas to methanchndTable13 documents the corresponding modelling assumptions.
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Figure 25 Schematicsof methanol synthesis from sweet syngas

Table 13 Methanol synthesis modelling

Gas compressor Centrifugal compressor with aftercooler to 125°C, outlet pressure 80 pahg
tropic efficiency 79%

Methanol Synthesis (MSY) Equilibriumreactor, 233°C, 80 barg

Methanol stabilization (MST) Multiple stage column

Methanol purification (MPU) Distillation column, product spec 99.99 volméthanol

To increase carbon conversion and yield of methanol, two electrification optionsweduated

based on the extent of utilization of electrolylsé&sed hydrogen. The first option
(BLGMeOH_noWGS) aims at removing the need for WGS by adding hydrogen enough to adjust
the gas Module without sacrificing CO, but still with AGR removal of, @Pmed in the gasifier.

In the second option (BLGMeOH_rWGS), additional hydrogen is made available to convert all
COyinto CO in a reverse WGS (rWGS) process. SOEC and PEM electrolysis technologies were
considered for each electrification option. A totaligéfcases were evaluated for the methanol
pathway.

6.7.2 Mass and energy balances

Figure26 andFigure27 andTable30 (Appendix 4)summarizes carbon and energy balance of
BLG methanol cases. In the BLGMeOH case, about 291 MW HHV additional biomass must be

FDOS 45:2022



supplied to the mill to maintain steam balance of the miilile net electricity is reduced by 16
MW, (electricity export reduces from 51 to 35 MyVThe corresponding methanol production
was 160 MW HHV. For the BLGMeOH_noWGS case, the additional biomass increases to 304
MW HHV and net electricity reduction to/3 MWel (SOEC) or 192 MWel (PEM). The cofre
sponding methanol production increases by about 170% to 270 MW HHV compared to
BLGMeOH. The BLGMeOH_rWGS cases resulted in methanol production 456 MW HHYV from
additional biomass input 338 MW HHV and net electyicgduction 481 MW (SOEC) or 533

MWe (PEM).
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Figure 26 Carbon Sankey diagramsi BLG methanol. Note that the pulp mill energy integration is sim
plified by showing a smaller makeup biomass demand than BL flow.
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Figure 27 Energy Sankey diagransi BLG methanol. Note that the pulp mill energy integration is sim

pli fied by
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6.7.3 Summary of electrification potential

The results show electrolydimsed hydrogen significantly contributes to improving the carbon
conversion performance of BLG nheinol pathway. The part of carbon in BL that exits the biofuel
plant as concentrated G&tream reduces progressively from 53% to 35% to 0.6 PPM under
BLGMeOH, BLGMeOH_noWGS and BLGMeOH_rWGS cases, respectitayre26. Nearly

all this carbon becomes methanol and increases the productivity of the corresponding cases by the
same margin, from 29% (BLGMeOH) to 48% (BLGMeOH_noWGS) to 81%
(BLGMeOH_rWwGS). Compareatthe replacement biomass, the carbon conversion efficiency to
methanol increases from 37% BLGMeOH to 60% BLGMeOH_noWGS to 91%
BLGMeOH_rWGS Figure26. The maginal electricity share in input increases from 0% to 39% to
61% for BLGMeOH, BLGMeOH_noWGS and BLGMeOH_rWGS cases, respectivigiyre27.

The combined effect of increased methanol productivity and increased share of electricity is that
the overall energy performance of the systems remain in the same range,3853

6.8 BLACK LIJOR GASIFICATION FOR FISCHER TROPSCH FUELS

6.8.1 Process description and modelling methodology

The BLG Fischer Tropsch (FT) pathways assume about 60% of available BL corresponding to 338
MW HHYV is gasified into raw syngas (same as for BLG to methanol). Likesn#tkanol pathway,
multiple syngas conditioning steps are required to achieve optimal FT Synthesis (FTS) which is
achieved at LICO molar ratio 2. In addition, impurities and ©@ust reduce to specified levels.

Thus, the raw syngas which initially hag/®0 molar ratio about 1 and G€@omposition about

30% vol. successively goes through a WGS to boostitohiposition and an amine wash te re

move CQ and impurities. To improve productivity, FT tail gas and upgradingases may be +e
formed and recycledtthe FTS reactor as depictedrigure28. Table14 presents the modilg
assumption for BLG based FT track.

IPS
(internal)
(from mill)

SMR u d ff,
............................................. pgrading offgase s===s=«===ss====s-
(rwaGs)
....................................................... FTtailgas---=--===r=t
H ' Flue gas H
H IPS i i
E E (internal) v : Aci: a5 i :
: : (from mill) LPS (o2 IEW) ' H2
(llyd;"ogcn} ¥ ¥ 1 ¥
[ H H
Raw !' !: shifted | Sweet FT _:_ FT . | FT
gas WGS syngas AGR syngas_b Synthesis cmde_’ Upgrading L1qmd->
LPS MPS
\d ¥

Figure 28 Schematics of BLG for FT fuelsi gas conditioning (electrification options indicated in
bracket), synthesis and upgrading
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Table 14 FT fuels synthesis and upgrading modelling

FT tail gas com Centrifugal compressor, outlet pressure 21 barg
pressor polytropic efficiency 79%

FT Synthesis (FT¢ Synthesig yield reactor, maintained at 240°C, 80% internal recycle
Water cooledreactor, produce 12barg saturated steam
Separatiorg 3-phase decanter at 40°C to FTL, FT water and gases

Upgrading Upgrading was not explicitly modelled bui ¢emand for upgrading is internally produced
PSA modelled as component splitter

Steam reformer  Equilibrium reactor, exit temperature 950°C
C1 to C4 assumed to be reformed

Two electrification options were evaluated based on the extent of utilization of electhalgsis
hydrogen to increase overall carbon conversion, thereby the yieldmbHElicts. The first option

aims at removing the need for WGS by adding hydrogen enough to adjust the FTg@@d H

ratio without sacrificing CO. In the second option, additional hydrogen is made available to convert
all CQyinto CO in a reverse WGS proseSOEC and PEM electrolysis technologies were censid
ered for each electrification option.

FTS generates a wide range of hydrocarbon chain lengths including light compaortents, C

which are assumed to be reformed intcaHd CO components and recyctedoost overall car

bon conversion. Two types of steam reformers (SR) were considered to utilize the light FTS prod
ucts, a conventional sidf@ed steam reformer (SMR) and an electric resistdreaed steam e

former (eSMR), which is under development bat yet commercial. The SMR configuration sac
rifices part of the incoming gas in an integrated combustor to deliver the heat required to drive the
reformer. The eSMR acquires the heat requirement for reforming through reactor surfaces which
are heated witklectric resistanc@Nismann et al. 2019b)

IPS is consumed in both the WGS and SR. Two alternatives were evaluated depending on how the
IPS demand was satisfied. In the first alternative, the gas sacrificed in the SR combustor is con
trolled to satisfy the IB making the biofuel process sslifficient with IPS. In the second alterna

tive, the control on fuel consumption of the SR combustor was removed and any IPS deficit was
assumed to be sourced from the pulp nmfluencing the mill energy balance and tresd for

makeup fuel.

A total of 12 cases were evaluated combining different options for gas conditioning (WGS, no
WGS or rWGS), reforming (SMR or eSMR), IPS salfficiency and electrolysis technology
(SOEC or PEM). The abbreviations used and definitifihe cases are summarizediablel15.
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Table 15BLG FT cases evaluated

Abbreviation Steam reformer Conditioning
BLGFT SMR SMR WGS
BLGFT xSMR SMR WGS
BLGFT xXSMR noWGS SMR No WGS
BLGFT xXSMR noWGS SMR No WGS
BLGFT xSMR rWGS SMR rwGsS
BLGFT xSMR rWGS SMR rwGsS
BLGFT eSMR eSMR WGS
BLGFT xeSMR eSMR WGS
BLGFkeSMR noWGS eSMR No WGS
BLGFT xeSMR noWGS eSMR No WGS
BLGFT xeSMR rWGS eSMR rwGsS
BLGFT xeSMR rWGS eSMR rwGsS

6.8.2 Mass and energy balances

IPS sek
sufficiency

Yes
No
No
No
No
No
Yes
No
No
No
No
No

Electrolysis

SOEC
PEM
SOEC
PEM

SOEC
PEM
SOEC
PEM

Detailedcarbon and energy balances of the BLGFT cases are preseAgokindix 4 Table31
andTable32) for SMR and eSMR configurations, respectivéligure29 andFigure30show car
bon and energy Sankey diagrams for BLGFT SMR configuratikigare69 andFigure70 (ap-

pendix 4)show the corresponding eSMR configuoati
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Figure 29 Carbon Sankey diagramsi BLG FT under SMR configuration.
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Figure 30 Energy Sankey diagrams BLG FT cases under SMR configuration
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6.8.3 Summary of electrification potential

Depending on the reformer configuration, SMR or eSMR, two sets of scenarios were evaluated for
the BLGFT pathway. The main difference between SMR and eSMR is that the eSMR cases use
electricity to drive the reforming reactions whereas the SMR counteggarify part of the incom

ing gas. Frona steam perspective, the SMR configurations generate entirely or part of the 1PS pro
cess steam required by the biofuel process whereas the eSMR cases import it from the mill increas
ing the need for replacement feeastol he combined effect is that the eSMR cases consume more
feedstock (101%, 107% and 136%) and produce more FT fuel (104%, 110% and 116%) for
BLGFT, BLGFT_noWGS and BLGFT_rWGS configurations, respectividyple31 (SMR) and

Table32 (eSMR).

The carbon exiting the biofuel plant as concentratedré@uces from (numbeiin brackets for

eSMR) 55% (55%) to 43% (44%) to 0.04% (4.2%) for BLGFT, BLGFT_ noWGS and BLGFT
_IrWGS, respectively, sdggure29 (SMR) andFigure69 (eSMR). The corresponding share of
marginal electricity in input increases from (numbers in brackets for eSMR) 0 (0) to 33% (34%) to
71% (63%) for BL&GT, BLGFT_ noWGS and BLGFT _rWGS, respectively, Begire30 (SMR)
andFigure70 (eSMR). When evaluated at systems level, i.e., relative to carbon in replacement bio
mass fuel to the pulp mill, carbon conversion efficiency to FT products could exceed 100% which
was the case for BLGFT_rWGS, at about 120% (SMR) and XeSMR).

6.9 DUAL FLUIDIZED BED (DFB) GASIFICATION

This subchapter describes the dual fluidized bed (DFB) gasification (BLG) process and its-integra
tion with a combined heat and power (CHP) plant. This process is common to the two biefuel pro
duction pathways, producingethaneand dropin fuels, describedh the following sukchapters.

The principle of a DFB gasification process is based on splitting the gasification process into two
interconnected fluidized bed reactors as illustratdeéignre31. Biomass is fed to the gasification
reactor where it is partially converted by the heat from the combustion reactor into a raw gas. Heat
is transported with the bed material that is circul&ieriveen the reactors. Unconverted fuel in the
form of char is transported from the gasifier to the combustor with the bed material where it is
burnt to produce heat. In addition to the charstféams such as tar and combustiblegaf§es can

be burntih the combustion reactor. Additional fuel to the combustor is also required to cover the
heat demand of the process. In a stalothe unit some of the cleaned raw gas, referred to as prod
uct gas, is recirculated to control the temperature of the prockis,inva ceproduction unit addi

tional biomass can be used instead.

Major contaminants such as patrticles, tar and steam are removed from the gas by cooling and
scrubbing the gas. The bulk of$ican be removed together with some of the Bugh amine
scrubbing before final polishing using guard beds to produce a sulfur free fresh gas for the synthe
Sis process.
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Figure 31: Schematics of EDFB gasification systemincluding the primary gas cleaning.

In a standalone DFBgasifierthe process is optimized for producing as much product gas as possi
ble from the fuel fed to the gasification reactor while the combustion reactor is operated only to
generate the heat required for the gasification process. This technology has used fenc@mm
production of heat and power in several plants e.g. Senden, Oberwart and Guissing with up to about
16 MW (LHV) of biomass feed. It has also been used in a demonstration plant for production of
SNG, the GoBiGas plant, with a thermal input of abouvi3% (LHV) and 20 MW biogas produc

tion (Anton Larsson, Gunnarsson, and Tengberg 2018; Thunman et al. 26jtimize the yield

of product gas, an activated bed material used in these plants (olivine sand activated with cal
cium and potassium), which also impose the need of a post combustion chamber. As biomass is
feed only to the gasification reactor, it is required to recirculate some of the cleaned product gas
during ogeration and to use an additional fuel such as natural gas duringstart

In a coproduction DFB gasification unit, the combustion process is operated to produce more heat
than required by the gasification to enable steam, heat and power, or distig peaduction.

This is possible by having a larger combustion reactor with dedicated fuel feeding to the combustor
as well as to the gasifier. The-pooduction concept can be applied to existing boilers through ret
rofitting it with an additional gasifettion reactor, which has been demonstrated with the Chalmers
gasifier (24 MW thermal input). Retrofitting an existing plant reduces the investment cost-signifi
cantly but also enables simplification of the process whereas it is not as crucial to optémize t

yield of gas. For example, regular silica sand can be utilized, and the temperature can be slightly
reduced. BioShare is looking to commercialize a-effstient coproduction concept and it is

therefore this concept that is analyzed in this report.

6.10DFB GASIFICATION FOR SNG PRODUCTION

Figure32 show the main process steps required to produce SNG from fresh gas. The composition
of the gas is adjusted before the synthesis mainly through water gas shift (W@B8gtipaeation
and CQremoval (AGR).
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Figure 32 Simplified process for DFB SNG productionincluding indications of how Hz can be intro-
duced to the system.

Electricity can be introduced to the DFENG process to improve the carbon utilization and in
creagd the marginal efficiency of biomass to SNG. The electricity can be added as heat or as H
produced through electrolysis. Adding electricity for heating is only considered for applications
where it is not possible or impractical to cover the heat denmaodgh process integration and

heat recovery. Adding Ho the process will decrease the amount of f£@n the process which
instead can be utilized in the process to produce additional SNG. Hydrogen can be added to replace
the need for the WGS reactor &k hydrogen would be produced by converting CO aitbl

CO; and H. The water gas shift reaction will also occur in themethanation reactor and there
fore adding the hydrogen tgiream of the prenethanation will have a different impact than adding
down-stream, therefore to alternatives for the addition ofvels considered here and are indicated
asH; alt. 1andH: alt. 2in Figure32. Even more hydrogen can be added to the process up to a
point where there is no need to extract,@®m the syngas as it instead can be utilized in the pro
cess to maximize the carbon utilizat.

6.10.1 Modelling methodology

Four main scenarios have been simulated and are list@blal6. Scenarios involving electroly
sis has been divided into sub scenariosdasedifferent technologies used for the electrolysis a)
PEM, and b) SOEC.
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Table 16: List of bio-electro fuel production cases simulated

Notation Case description

DFBSNG Base Base case

DFBSNG 1 Electricity can be used to reduce the heat demand of the gasification process by prehea
the fluidization medias (air and steam, deigure30)

DFBSNG 2a Addition of H produced with PEM to remove the need of the WGS reactor. Added down
stream of the premethanation (Halt. 2 inFigure31)

DFBSNG 2b Addition of H produced with SOEC to remove the need of the WGS reactor. Added dow
stream of the premethanation (H alt. 2 inFigure31)

DFBSNG 3a Addition of H produced with PEM to remove the need of the WGS reactor. Addexdrapm

of the premethanation (H alt. 1 inFigure31). Rediculation of syngas is required to limit the
temperature in the premethanation reactor.

DFBSNG 3b Addition of H produced with SOEC to remove the need of the WGS reactor. Added up
stream of the premethanation (Halt. 1 inFigure31). Recirculation of syngas is required to
limit the temperature in the prenethanation reactor.

DFBSNG 4a Maximum carbon utilization through addition of produced with PEM. Added tgiream of
the premethanation (Halt. 1 inFigure31). Recirculation of syngas is required to limit the
temperature in thepre-methanation reactor.

DFBSNG 4b Maximum carbon utilization through addition o Broduced with SOEC. Added-sfwgeam of
the premethanation (Halt. 1 inFigure31). Recirculation of syngas is required to limit the
temperature in the premethanation reactor.

The gasifier performance is estimated based on empirical data and experience from previous indus
trial scale DFB gasifiers. The subsequenaglag, handling and SNG synthesis is based on the

work by Alamia et al, modelling the GoBiGas demo pl@damia et al.2017) Table17 below

highlights the main definitions and assumptions used in the modelling work
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Table 17: The main assumptions used when modeig the Bio-SNG process

Main compressor Outlet pressure 30 baB stage compressoterstage cooling down to 58 Assumed
isertropic efficiency: 78%

Gas cleaning Tar removed by scrubbing with RME, tar enriched RME sent to CHP furnace for destruc
MDEA Reboiler duty : 2.24 MW/kg Acid Galsmia et al. 2017)
Fraction of CO2 in stream-adsorbed when removing H2S: 0.1
l aadzySR a 02 YLIEHRSiSdas, Nabhab® ith helpdfiguard beds.
BTX separated out using activated carbon and sent to furnace. Heat losses currently

neglected.
WGS reactor Low Gibbs minimization reactofnlet temp: 200 C
temperature catalyst
Premethanator Irreversibe decomposition of higher hydrocarbons to syngas followed by equilibrium reac

tors. Inlet temp: given by WGS reactor and olefin contéfiéx allowed outlet temp 700G
regulated by recirculation if necessaBubsequent cooling by raising HP steam

CO2 remvalg Reboiler duty : 0.83 MW/kg Acid G@damia et al. 2017)

Activated MDEA Amine

scrubber

SNG synthesisA Equilibrium reactorsinlet temp 250°C

staged adiabatic The 2 last reactors are polishing steps, water is condensed out before to push the equilik
readors with interstage rium to the necessary CH4 concentration for pipeline specifications.

cooling Interstage cooling by HP steam raising in the first 2 reactors. LP and district heating in tt

polishing steps.

6.10.2 Mass and energypalances

Mass and energy flows for the simulated cases are summarizédiure33 andTable33 of Ap-
pendix 4 The values are marginal flows meaning that it iStheeased amount of each flow re
quired of a retrofitted DFRasifier compared to a reference GplBnt with equivalent high pres
sure steam production.

Results shows that introducing electricity to the process has very little effect on the energy effi
ciengy, but it increases the carbon efficiency from 0.39 in the base case to up to 0.95 in an opti
mized caselrigure33. The marginal amount of biaass decrease as more electricity is added.

When electricity is introduced to the process more heat is also produced that can be used for high
pressure steam production and therefore the amount biomass can be reduced while maintaining the
same amount of higpressure steam as the reference @Hiat. InFigure33, this reduced bio
masshasbeenconsideredvhile normalizing the flows, making the biass input exceed 1.0.

The marginal efficiency for the electricity introdudedb5% while using a PEM and 64% when us
ing a SOEC for the fHproduction. As this efficiency is constant for all the cases it stipulates that
the production capacity of the plant will increase linearly with the amount of electricity added to
the process via electrolysis. Using electricity to-lpeat the process sams (case DFBNG 1)
however have a neglectable impact on the production in this type ofr@étfPated process. For a
standalone process it has a better potential as has previously been(gmamLarsson,
Gunnarsson, andehgberg 2018)

Adding hydrogen from electrolysis to this type of SNG production plant will decrease the amount
of CO; produced and instead increase the production of SNG as illustrated by the Sankey diagram
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in Figure33. Note that the carbon in the input flow exceeds 1 as they are normalized with the
amount of carbon in the marginal increase of biomass required for the integrated SNG productio
compared to a reference ChpRant with equivalent high pressure steam production. Part of the car
bon in the fuel is transported to the combustion section and willprag diluted Cein the flue

gas while of the carbon will also engh as an almost pailCQ stream. The fraction in the flue gas

is not affected by the analyzed addition efafid would require separation from the flue gas in or
der to increase the carbon utilization further.

DFB SNG base: C-balance [marginal wt. frac]

RME
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(0.39)
|:|Synthes'\s

Gas Cleaning Handling AGR il
Feoeg? Dryer Gasifier (0.50) (0.77) (0.77) coz2
(©.57) (1.08) (1.08) (0.38)

CHP
CHP Fuel reduction (0.34) Fh;g g:ﬁ[
E0.11) .

DFB SNG 3a: C-balance [marginal wt. frac]
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(1.33) (1.33) T o
"(0.00)
CHP Fuel reduction CHP. Flue gas
(0-37) (0.42) (0.42)

Figure 33 Carbon Sankey diagramsi DFB-SNG Base (no electrification), DFBSNG 3a, and DFB
SNG 4a. Note that the flows are normalized with the marginal biomass input, i.e. taking into accout
the reduced biomass in the connected CHP unit.
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6.10.3 Summary of electrificabn potential

Introduction of hydrogen produced through electrolysis can improve the utilization of the carbon
from the biomass from 39% carbon utilization without electricity to up to 95% carbon utilization in
the extreme case. The marginal efficiencglettricity to SNG depends on the type of hydrogen
production and is 55% using PEM and 64% using SOEC. In a CHP integrated process PEM offers
bigger savings in the amount of biomass used for steam production while SOEC offers the most ef
ficient utilizationof the electricity.

Introducing electricity is an efficient way to increase the capacity of the process without increasing
the capacity of the gasifier. Results shows that the production capacity can be roughly doubled if
the electrical input isnaximized. The increase in production per MW of electricity added to the
process is linear and its therefore just as effective to add 30 MW of electricity as adding 80 MW.

6.11DFB GASIFICATION FOR FISCHER TROPSCH (FT) PRODUCTION

There is a significant differee between the production of SNdiscussed in the previous sub
chapterand FTliquidsin the sense that when producing SNG, methane in the gasifier syngas is
part of the product while for FT it needs to be refornfiégure 34 process block diagram of the
DFB based FT track, and the corresponding modelling assumptions are documédiatiele 1r9.

The gas from a DFgasifier contains a significant concentration ofsCiyipically 7-15%;0, and it
would be a significant loss of efficiency not to reform and utilize the methane in the process.

A conventional technology for methamneforming is the steam methane reformer (SMR) where

light hydrocarbons are heated and catalytically reformed together with steam into syngas.-This pro
cess requires a high temperature which is sustained by burning some of the fresh gas to indirectly
heatthe process. Dowstream the SMR the composition of the syngas needs to be adjusted
through WGS and AGR before it is synthesized intecEide and separated from the-@als. The
FT-synthesis has a limited single pass efficiency and produce some untigbiragidrocarbons

and therefore requires recirculation of the tail gas to the refoftherFT-crude is assumed to up
gradedn afinal hydrotreatingsteponsiteinto dropin biofuels

Fl ue Steam Procegss ACO2
Tgag l COZrecircuIatiV\oarte?
Fr e s|h '
gaSl Ref or mer
WG S AGR
SMR

Tai l gas to be refprmeld T FFcru
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Synt hesi s
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Figure 34 Simplified process for DFB Fischer Tropsch production.
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Electricity can be introduced to the DFE process to improve the carbon utilization and in

creased the marginal efficiency of biomass tedfdde. The electricity can be added as heat or as

H. produed through electrolysis. Adding electricity for heating is only considered for applications
where it is not possible or impractical to cover the heat demand through process integration and
heat recovery. Two such scenarios were identified, 1) additioadlgating of the air and air used

for fluidization this was simulated for the SNG case but gave an insignificant impact and are there
fore excluded here, and 2) using an electrically heated SMR process (eSMR) instead of burning
part of the fresh gas.

Adding H; to the process will decrease the amount of f£@n the process which instead can be
utilized in the process to produce additional SNG. Hydrogen can be added to replace the need for
the WGS reactor where hydrogen would be produced by converting C@y@rtd CQ and H.

The water gas shift reaction will also occur in the SMR and hydrogen is here aesteelanp of

the SMR. The SMR includes a preformer where reactions are exothermic, and the temperature
should not surpass 6%C0. Recirculation of C@can be used to control this temperature but it can
also be used to maximize the carbon yield

Three main scenarios have been simulated and are listedli®18. Scanarios involving electroly
sis has been divided into sub scenarios based on different technologies used for the electrolysis a)
PEM, and b) SOEC.

Table 18: List of bio-electro fuel production cases simulated.

Notation Casedescription

DFBFT Base Base case

DFBFT 1 eSMR

DFBFT 2a eSMR and addition of#produced with PEM to remove the need of a Wi@&8&ctor.
DFBFT 2b eSMR and addition of#produced with SOEC to remove the need of a Vi&aStor.
DFBFT 3a eSMR and addition of Hproduced with PEM to maximize the carbon utilization.
DFBFT 3b eSMR and addition ofHproduced with SOEC to maximize the carbon utilization.

For the DFB part of the process the model is the same as for th&NEBrack. For the FT part

the layout and methodology follow that outlined in the Energiforsk rép@itGeneration of Bio
JetinCHP P (A hdrssod, Gustavsson, and Gustafsson 202® only difference in this

work is that the CO2 content in the reformer section is regulated by its own recirculation-loop ra
ther than by leaving the CO2 in the tail gasirculation loop. Table 5 below list the major assump
tions used:
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Table 19; The main assumptions used in the DFET modelling work.

Main compressor Outlet pressure 30 baB stage compressonterstage cooling down to 56 Assumeds-
entropic efficiency: 78%

Gas cleaning Tar removed by scrubbing with RME, tar enriched RME sent to CHP furnace for-des
tion.

MDEA Reboiler duty : 2.24 MW/kg Acid Galsimia et al2017)

Fraction of CO2 in stream-adsorbed when removing H2S: 0.1

l aadzYSR aO2YLX SiS¢ NBY2@It 2F I H{ AY
BTX separated out using activated carbon and sent to furnace. Heat losses currently
glected.

Prereformer Adiabatic Irreversible decomposition of higher hydrocarbons to syngas followed by G
minimization.
Inlet temp: 380°C Max allowed outlet temp 650C regulated by CO2 recirculation as
thermal ballast.
Steam ratio chosen as to give 1.8 mol H20/mol iy@rocarbons entering the reformer

Reformer Assumed to be heated tubes with outlet at equilibrium, T_out =@50
Reformer heating = reaction enthalpy + heating from 80t 950°C Uses part of fresh
gas as fuel if fired, electricity in case of eSMR
Hydrogen added before reformer gives rise to reverse WGS and thus increased CO:
zation.
Effluent cooled by FeeHffluent exchange and HP steam raising

WGS Reactor Adiabatic Gibbs minimizatioinlet temp 300°C High temperature catalyst

CO2 removal Activated MDEA Amine scrubbé&teboiler duty : 0.83 MW/kg Acid G@@damia et al.
2017) Recirculated CO2 recompressed from 9 to 29 bar

FT synthesis a[ 26 GSYLISNI ( dzNBGAlpRahiBusht i .&HBught tocbrrespemd to a
Cobased catalystProduction of oxygenates assumed negligibiéernal recirculation ra
tio of 0.7

Partial phase separation of waxes in the reactor vegddsh calculation
Reactor cooled to maintain 22Chy boiling water on the sheside.

Phase separation 3 phase flash operating at 3G Stabilizer column separating out C5 and lighter, te en
sure the crude holds a vapor pressure suitable for transg®iebilizer column not riger
ously calculated, just a sharp cut.

Bleed flow Setto 1% of the tail gas stream, to avoid N2 accumulation.
Recirculation Recompressing the FT tail gas from 22 to 28 bar to allow recirculating it back to the 1
compresor former. Assumed Isentropic efficiency: 78 %

6.11.1 Mass and energy balances

Mass andenergy flows for the simulated cases are summarizEdyure 35 Appendix 4Table34.

The values are marginal flows meaning that it is the increased amouchdf@a required of a
retrofitted DFBgasifier compared to a reference GplEnt with equivalent high pressure steam
production. Results shows that introducing electricity to the process has very little effect on the en
ergy efficiency, but it increases tharbon efficiency from 08in the base case to Q.8 an optt

mized case.

The marginal efficiency for the electricity introduced is%®%6 when using a PEM and-59%
when using a SOEC for the Hroduction. As this efficiency is almost constant foitlad cases it
stipulates that the production capacity of the plant will increase almost linearly with the amount of
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electricity added to the process via electrolysis. In the-BN& case there was an excess of high
pressure stream from the synthesis saaicthe plant and the choice between PEM and SOEC
therefore indirectly affected the amount of biomass to the process. However, this is not the case for
the FT-synthesis process, which mainly enables medium pressure steam. In current analysis the
medium pessure steam is used to produce DH and therefore the choice between PEM and SOEC
affects the DH production rather than the amount of biomass to the process.

Electricity was also used to heat the reforming process in casd-IDABand results shows a mar
ginal efficiency for the electricity addition of over 70% indicating that this is a very efficient way
of introducing electricity to the process.

Adding hydrogen from electrolysis to this type of-Eflide production plant will decrease the

amount of C@Qproduced and instead increase the production efifeiie as illustrated by the San

key diagram irFigure35. Note that the carbon in the input flow exceeds 1 asdhenormalized

with the amount of carbon in the marginal increase of biomass required for the integratediéT
production compared to a reference Gpl&nt with equivalent high pressure steam production.

The figure illustrates how part of the carbartlie fuel is transported to the combustion section and
will end-up as diluted C@in the flue gas while of the carbon will also emalas an almost pure

CQO; stream. In the base case part of the gas is also burnt for heat production in the SMR and more
flue gas is generated there, however this loss is avoided by using an eSMR instead. The fraction in
the flue gas is not affected by the analyzed addition,@frtd would require separation from the

flue gas in order to increase the carbon utilization furtRegure35 also illustrates the recircula

tion required fothe FT-process with recirculation downstream of the AGR as well as treyRT

thesis.
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BIGELECTRO FUELSYBRID TECHNOLOGY FOR IMPROVED RESOURCE EFFICIENCY

DFB FT base: C-balance [wt. frac]

Dryer (1.24)

CHP fuel red. (0.28) Handling (1.48), AGR (1.2)

== RME(0.04)

DFB FT 1: C-balance [wt. frac]

CHP (0.39) FG (0.41)

i

Gas cleaning (1.02)

CHP fuel red. (0.26) ; .
Handling (1.77)| | AGR (1.75)
FTS (0.71),

== RME (0.04)

DFB FT 3a: C-balance [wt. frac]

CHP (0.38)

Fecd 099 Mo ryer (1.18) | Gesifer (111)
Gas cleaning (0.99)

CHP fuel red. (0.22) Handling (1.62) AGRI(115

== RME (0.04)

Figure 35 Carbon Sankey diagramsi DFB-FT Base (no electrification), DFBFT 1 (eSMR), and DFB
FT 3a (max H2 addition).Note that the flows are nemalized with the marginal biomass input, i.e. tak
ing into account the reduced biomass in the connected CHP unit.
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6.11.2 Summary of electrification potential

FT fuelscan be produced with a marginal energy efficiency of about 50% and this is affeeted sig
nificanty by the amount of electricity added to the process. The carbon utilization and production
capacity can however be increased significantly by adding electricity to the process. The marginal
carbon utilization can be increased froB¥3to up 8% and the gaacity can be more than dou

bled.

The most efficient way of introducing electricity that was identified was to go from a classical gas
fired SMR to an eSMR, which offers a marginal electricity of 72%. Combining the eSMR with ad
dition of hydrogen via eleattysis further increase the capacity but the marginal electricity effi
ciency is the reduced to B0% depending on the type of electrolysis used.

6.12FLUIDIZED BED (FB) GASIFICATION

This subchapter describes the direct fluidized bed (FB) gasification process which is common to
the two biofuel production pathways, producing methane andidriyels, described in the fol
lowing subchapters.

In a direct FB gasification system biom&ssonverted with steam and oxygen into a raw gas,
Figure36. The flow of oxygen is controlled to regulate the temperature of the processthsinc

cortrols the amount of oxidation. The heat needed for the gasification process is thus supplied by
exahermic processes (oxidation by oxygen) in the bed, as opposed to DFB where heat is supplied
indirectly through hot sand (bed material) with thatr@ming from combustion in a separate

reactor. Pure oxygen is required to avoidmthe produced gas as this would swell destream

equipment and increase the heat demand. This gasification reactor type can be operated at elevated
presure, here assung 25 bar, which makes for a significant reduction of the equipment size and

gas compression energy. The biomass needs to be purged from air and pressurized\(&imgp CO
downstream AGR process), some of this,@@ be lost to atmosphere and some wééenter the

process. The raw gas needs to be cooled and cleaned from tar and other contaminants before it can
be utilized as fresh gas for the synthesis.

= COMPressor|

- . COZ rich

"""l YH“I YH"I offgases

coz MP steam ———— Rawgas | Cooling Cooling )

& & — {Gas cleaning —»
Dry gas (eutfur remaval Fresh
. Filtering Quench (suurremoval] | gas B
Fuel Dryer & Gasifier ) ) Heat 24 bar
Wet Fue | I Waste -
fuel feeding Fuel 25 bar water
L: 950C Recycle

s 30 bar

Electricity

Figure 36: Direct O2FB gasifier with primary gas cleaning.
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Major contaminats such as particles, tar and steam are removed from the gas by cooling and water
guenching. The bulk of ¥ can be removed together with some of the dugh amine scrub

bing before final polishing using guard beds to produce a sulfur free fresh gas for the synthesis pro
cess.

6.13FB GASIFICATION FOR SNG PRODUCTION

The SNG process was previously describe8eantion6.10. Electricity can be introduced to the
O2FB-SNG process to improve the carbon utilization and increased the marginal efficiency of bio
mass to SNG. The electrigitan be introduced as, produced through electrolysis. No scenario

has been identified where using electricity to heat a process or process stream would have a signifi
cant impact on the process performance. Addintpkhe process will decrease the amoof CO

from the process which instead can be utilized in the process to produce additional SNG. Hydrogen
can be added to replace the need for the WGS reactor where hydrogen would be produced by con
verting CO and kD to CQ and H. The water gas shift aetion will also occur in the pmmetha

nation reactor and therefore, adding the hydrogestigam of the prenethanation will have a dif

ferent impact than adding dovatream, therefore to alternatives for the addition ofvbls consid

ered here and are ilwdted as blalt. 1 and Halt. 2 inFigure32 (As for the DFB SNG case). Three

main scenarios have been simulated and are listEahble20. Scenarios involving electrolysis has

been divided into sub scenarios based on different technologies used fortilodysis@) PEM,

and b) SOEC.

The perfomance and scale of thekB gasifier is based on the process design laid out in the

BioMeet project by EcoTraffic R&D AB and Nykomb Synergistics fBandberg et al. 2000)

The unit operations used starting at the wetffueled al | t he way up to fADry
those of the BioMeet project. However, one deviation is usingf@@®urging instead of Ndue to

a desire to limit the amount of N2 going to the downstream process. Furthermore, in the cases

where eletrolysis is used, the oxygen demand of the gasifier is partially or fully covered by that
produced in the electrolyzer thus reducing the load or eliminating the ASU. Apart from the above,

the methodology for gas conditioning and synthesis is the samsaibdd in the DFB SNG case,

with the restriction of having to secure enough,@pressurize the fuel feeding.
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Table 20: Summary of simulation cases for the O2FESNG process.

Notation Case description

O,FBSNG Base Base case

OFB-SNG la Addition of H produced with PEM to remove the need of the WGS reactor. Added dov
stream of the premethanation (H alt. 2 inFigure31).

OFB-SNG 1b Addition of H produced with SOEC to remove the need of the WGS reactor.
Added downstream of the premethanation (H alt. 2 inFigure31)

O,FB-SNG 2a Addition of H produced with PEM to remove the need of the WGS reaétdded up

stream of the premethanation (H alt. 1 inFigure31).
Recirculation of syngasrnequired to limit the temperature in the prenethanation reae
tor.

O,FB-SNG 2b Addition of H produced with SOEC to remove the need of the WGS readktioled up
stream of the premethanation (Halt. 1 inFigure31).
Recirculation of syngasrnequired to limit the temperature in the prenethanation reae
tor.

O,FB-SNG 3a Addition of H produced with PEM to maximize the carbon utilizatidded upstream of
the premethanation (Halt. 1 inFigure31).
Recirculation of syngas is required to limit the temperature in therpethanation reae
tor.

O,FB-SNG 3b Addition of H produced with SOEC to maximize the carbon utiliza#atded upstream
of the premethanation (Halt. 1 inFigure31).
Recirculation of syngas is required to limit the temperature in therpethanation reae
tor.

6.13.1 Mass and energy balances

Mass and energy flows for the simulated casessaremarized irFigure37 and Appendix 4 able

16. Results shows that introducing electricity to the process has very little effectametigy effi

ciency, but it increases the carbon efficiency from 0.33 in the base case to up to 0.75 i an opti
mized case,. The marginal efficiency for the electricity introduced is about 55% while using a PEM
and about 65% when using a SOEC for thetédiction. As this efficiency is constant for all the
cases it stipulates that the production capacity of the plant will increase linearly with the amount of
electricity added to the process via electrolysis. Using PEM requires more electricity but also in
creae the production of district heating.

Adding hydrogen from electrolysis to this type of SNG production plant will decrease the amount
of CO; produced and instead increase the production of SNG as illustrated by the Sankey diagram
in Figure37. Part of the carbon in the fuel will erugh as almost pure GBtream. Some of the GO

is recirculated to the fuel feeding where some will reenter the process, and ddmeevented.
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O2FB SNG base: C-balance [wt. frac]

Waste water

(1.00) 1 %f;'g (1.04) (0-99) (0.99)

0O2FB SNG 2a: C-balance [wt. frac]

Waste water

Feed Gas cleaning
(2.00) (2.00) P oy | @33

0O2FB SNG 3a: C-balance [wt. frac]

Waste water

Produci
o (0.75)
g Gas cleaning
(2.00) (1.00) %f’;'g (1.04) (0.99)

Figure 37: Carbon Sankey diagramsi O2FB-SNG Base (no electrification), @FB -SNG 2a, and
O2FB -SNG 3a

6.13.2 Summary of electrification potential

SNG can be produced via an oxygen blown fluidized bed gasifieB(@asifier) with an energy
efficiency of 5662%. Electrification of the process has little impact on the energy efficiency, but it
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can increase the carbon utilization from about 33% to up to 80%. The production capacity can be
more than doubled throughettelectrification.

6.14 FB GASIFICATION FOR FISCHER TROPSCH (FT) PRODUCTION

The QFB gasification process is described in secdrBand the FIsynthesis is described see
tion6.11

Electricity can be introduced to thekB-FT process to improve the carbon utilization and in
creased the marginal efficiency of biomass tedfdde.The electricity can be added as heat or as
H2produced through electrolysis. Adding electricity for heating is only considered for applications
where it is not possible or impractical to cover the heat demand through process integration and
heat recoveryOne such scenarigasidentified using an electrically heated SMR process (eSMR)
instead of burning part of the fresh gas.

Adding H; to the process will decrease the amount of f£@n the process which instead can be
utilized in the process to produceditional SNG. Hydrogen can be added to replace the need for

the WGS reactor where hydrogen would be produced by converting CO.@rnd BQ and H.

The water gas shift reaction will also occur in the SMR and therefore the hydrogen should be added
up-stream of the SMR. When adding hydrogen to remove the need for arddB®r results were

very similar to results where the carbon utilization was maximized. Therefore, only the scenario
with a maximum carbon utilizatios investgatedfor this technology.

6.14.1 Modelling methodology

Two main scenarios have been simulated and are listEabie21. The Scenario involving elec
trolysis has been divided into sub scenarios basetifferent technologies used for the electrolysis
a) PEM, and b) SOEC.

Table 21: Summary of simulation cases for the O2FB-T-crude process.

Notation Case description

OFBFT Base Base case.

OFB-FT 1 Using eSMR faeforming of light hydrocarbons.

OFB-FT 2a eSMR and addition of-Hbroduced with PEM to maximize the carbon utilization.
OFB-FT 2b eSMR and addition ofHproduced with SOEC to maximize the carbon utilization.

The methodology for modelling the O2FB part of the process is described in €etfdrorthe

gas handling and FT synthesis parts of the process the methodology is the same as descrbed in sec
tion 6.11for DFB-FT with the added requiremieto recover enough CO2 to satisfy the needs of the
O2FB fuel feeding. The latter requirement is the reason why there is only 1 level of hydrogen addi
tion.

6.14.2 Mass and energy balances

Results shows that introducing electricity to the process has veryfiigie en the energy efi
ciency, but it increases the carbon efficiency fro@8 the base case to up to 0.8 in an optimized
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case Figure38. The marginal efficiency for the electricity introduced is about 55% while using a
PEM and about 65% when using a SOEC for therdduction. As this efficiency is constant for

all the cased stipulates that the production capacity of the plant will increase linearly with the
amount of electricity added to the process via electrolysis. Using PEM requires more electricity but
also increase the production of district heating.

The carbon flowsre illustrated in Sankey diagramdHigure38. This illustrates the recirculation
flows of both CQ and tail gas. In the base case some of the carbon asldsie gas while this
stream is removed by introducing the eSMR. Some of the carbon will also be lost with the
wastewater in the form of tar and BTX and will require wastewater treatment.
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BIGELECTRO FUELSYBRID TECHNOLOGY FOR IMPROVED RESOURCE EFFICIENCY

O2FB FT base: C-balance [wt. frac]

AGR
Feed (1) Dryer (1) @as':@w) m
(1) Dryer (1) Gasifier (1.14) cleaning (1.04)

O2FB FT 1: C-balance [wt. frac]

Dryer (1).

Figure 38 Carbon Sankey diagramsi O2FB-FT Base (no electrification), @FB -FT 1 (eSMR),and
O2FB -FT 2a (max CO2 utilization).
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6.14.3 Summary of electrification potential

FT fuelscan be produced via an oxygen blown fluidized bed gasifidk@asifier) with an en

ergy efficiency of 3547%. Electrification of the process can increase the energy efficiency, as well
as the carbon utilization from abd8% to up to 8%. Introducing &ctricity can most efficiently

be done through an eSMR with a marginal electrical efficiency of 0.71. This also increase the pro
duction capacity with about 50%. The capacity can be further increased by introducing hydrogen
through electrolysis to almosttiBnes the base production.

6.15REFERENCE ELECTRORAMAIKS

Electrofuel tracks, pathways that convert electricity and i6t fuels, are evaluated for compari

sonto thebio-electrofuelconceptsA total of 3 electrofuel tracks aiming at prmdion of FT fuels,
methanol, and synthetic natural gas (SNG) are considered. In the first step, syngas suitable for the
synthesis of advanced biofuel is produced from electrehesed hydroge(PEM) and biogenic

CQO:in a reverse watagasshift (r'WGS) pocess operated at 78Dand 30 barThe equilibrium of

the rWGS is controlled ttavoursyngas composition that satisfy conditions for optimal synthesis

of desiredbiofuel downstream.

The CQ feedis assumed to be captured from biogenic sources suébraagsbased CHP plants,
pulp and paper mill, biogas, bioethanol plants. Amine processieasfthe most mature teeh
niques for carbon capture frorflue gas or othe€0; containing streamss considered for CO
capturé. The amine scrubbing technigimevolvesa strippingcolumnto regerate solvenin
whichthe CQ-rich solutionflows downwards against a countarrrent flow of vapogenerated in
the reboiler(Liang et al. 2015)The energy demand of the reboiler makes amine scrulbdshg
niqueenergyintensive A typical MEA-basedsystemin industrial configuration is expected to have
energy consumptioB.2i 4.2 MJ perkg-CO, separateddepending on the G@oncentratiorin

feed CO, removal rate (85%090%), andsystemoperating conditionéXie et al. 2017)Energycon
sumptionlMWh/CGO, (90% in form of heatrad 10%in form of electricity to drive the systerex-
cluding compressionlectricity) is usedor the cases evaluat@uthis work The heat demand of
the reboiler can be satisfied by LES5 bar or 133°G150°C) with a return temperatureell
abovel00°C(Xie et al. 2017)

The production capacities tife electrofuel cases aselectedo matchavailablebiogenicCO»

sourcesn Swederat scale 300kt/y or higher( i St or a K21l |l or F°r. Bi ogen
300kt/y CO;, correspondo biofuel productioncapacitiedor FT fuels (144 MW HHV), methanol

(144 MW HHV) and SNG 201MW HHV) assumin@0%annual plant availabilityThe mass and
energy balances of the electrofuel tracks are taken from Brynolf(Braholf et al. 2018for 2030
basecase scenarj@eeTable 22.

5 The hot ptassium cadonate (HPC) technology, which is for example considered by Stockholm Exergi for
a commercial bigCCS installation, is also a mature technology, whisbsmore electricity and less heat.
When combined witkelectrofuel production that gives excess heat, the amoeegs s judged more

efficient.
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Useful excess heat generated during synthesis is utilized to supply part of thedemeagyl of the

amine process. Any heat deficit for the CO2 removal process is assumed to be supplied from an in
tegrated MVR heat pump that run with a COP 3. The MVR lifts temperature of water vaper gener
ated by flashing reboiler condensate and by utiliiegt recovered from lotemperature streams
available onsite, 85°€100°C.

Table 22 Electrofuel tracks T inputs and outputs

Hectrofuel track e-FTliquids e-methanol e-SNG
Input Unit
Ho MWhyny 1.37 1.25 1.30
Cca ton 0.28 0.32 0.21
Output
Fuel MWhiny 1.00 1.00 1.00
Heat(useful) MWh, 0.20 0.10 0.20

6.16 SUMMARY AND CONCLUSIONS

This subchapter aggregates and summarizes the results from all individual biofuel production
tracks presenteabove in this chaptefhe efficiency metrics, which are uses as KPls for process
performance are defined th3.

Figure39 (left) shows the fuel carbon efficiency, i.e. the fraction of biogenic feedstock carbon at
oms that end up in the main biofuel product, for all studied tracks and electrification options. The
carbon efficiency is shown as a functigiithe fraction of electric energy input to the process,

which can be seen as a measure of the degree of integrated electrification. The base case process
optionshaveelectricity inputs betweerl0% and 10% (negative numbers means electricity produc
tion) and carbon efficiencies between 20% &0&60.
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Figure 39. Fuel carbon efficiency fop) and fuel energy efficiency ijottom) for all studied tracks and
electrification options. The different e-fuel products differentiated by symbokin the right plot.

It is evident that indirect electrification can be used to increase the biomass resource efficiency dra
matically compared to the biofuel production pathways in their base configuratios.i¥laeclear
increase in fuel carbon efficiency with electrification for all production pathwaigsalso striking

how well all tracks of the same technology categgasificationor liquefactionor ethanol) align

although these have been modellecepehdently with varying degrees of integration to other pro

cesses.

The most electrified cases with the highest potential carbon efficiencies are based on gasification.
These have electricity inputs that are around 2/3 of total input, which means thét #verend
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hydrogen to the syngédmit al® electric heating can contributeroduction based on other technol
ogies than gasification can be electrified to a lower extent and show a little bit lower increase in ef
ficiency.

It can be noted that carbon efficiency exceeds 100% for the BLG FT trickxtensive electri
cation. The reason, discussed more in det#l6r6.8 above, is the heat integration with the pulp
mill. The large amount of excess heat exported to the pulp mill from the biofuels plant decreases
mill fuel demand, which is accounted for.

The electrification does not have a major generic systematic imp#uo¢ duelproductionenergy
efficiency as is shown iRigure39 (right). This means that the conversion of added electricity to
biofuel product is not less efficient (on energy terms) than the original process from biotnass to
fuel. There are certain processhat even show an increased energy efficiency, for example etha
nol productionand black liquor gasification. The efficiency from electricity tfuels is also simi

lar.

Figure40 showtotal carbon and energy efficieies, i.e. also includingnergy byproducts(such as
lignin pellets from ethanol productioapd heatThe trends are similar to the fussed efficien

cies inFigure39 but the improvement in efficiency with electrification fopstnon-gasification

based tracks is now larger, sincefnpducts are more important for these. Concerning total energy
efficiency, the differences between the production pathways are largdbpttfael energy effi

ciency but the effect of electrification is even smaller on the individual tracks.
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Figure 40. Total carbon efficiency ¢op) and total energy efficiency bottom) for all studied tracks and
electrification options. E-fuel products indicated by symbol for right plot.

The discussion above, includikigure39 andFigure40, show clearly how carbon efficienay-
creasesvith indirect electrificatiorand that overall energy efficiency was, on a general level; simi
lar for varying degrees of electrification. But it can still be of interest to investigate the marginal
efficiency for electricity addition for each of the eléotd casesFigure41 shows the results from
such a calculatigrwhich provides more detail than the general energy efficiencies since each elec
trification option is in this case compared to the base case of the same tgghraalb.
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Figure 41. Marginal electricity efficiency to fuel product(s) ¢op) and total energy products pottom).
Both base cases (noelectrified options) are not shown since these constitute the baseito which the
marginal efficiency of added electricity is measured.

For the gasificatiofibased trackdrigure41l (left) shows a relatively consistent trend of decreasing
marginalelectricity efficiencies withincreasing electricity addition. For high degrees of electrifica
tion, >50% electricity input, the marginal efficienagproachethe 50% efficiency for the-tiel

tracks. For lower degrees of electrificationd®% electric energy input), the marginal ency

can be >70%. Specifically, for the gasificatibased tracks it is moshergyefficient to use elec

tric energyin an electrolyzeto eliminate the WGS process rather than implementing an rwWGS (see
for example6.7and6.10for details) However, the latter option (rWGS) offers much higher car
bon-efficiency, which can motivate this option anyhdtis also clear that using an electric heated
SMR is very energefficient, as indicated by 780% marginal efficiency for BL&-T.
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For the norgasification tracks, adding electrolysis hydrogen to the HTL process stands out as the
most energyefficient option, while marginal efficiencies are in general somewhat lower for pyroly
sisand ethanebased tracks.

When the marginal efficiency fromeekricity to total energy outputs igviewed Figure4l, right),

it is striking thattwo cases related to ethanol production have marginal efficiencies >200%. The
explanation is that these cases ub@h-efficiencyheat pump tanake lignin pellets (an energy
by-product) available instead of being used internfaliyheat productionAlso, the more electri

fied options for ethanol production hakigher marginal electric efficiency to total energy products
than to fuel products, due to lignin pellet export.

Exergy efficiency to fuel and total products is showfigure42. As expected, the exergy effi
ciency decreases with increased electrification, but the relevance of this performance parameter can
be questioned in the emerging paradigm with increasea tsivrenewable electricity production.
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Figure 42 Fuel (left) and total exergy efficiency (right) for all studied tracks and electrification options.

6.17 EXCESS HEAT IN DITRICT HEATING NETWORKS

In order to illustrate the importance that low grade excess heat from biofuel production can have in

a future bioeconomy, a separate analysis was carried out in which it was assumed that excess heat

on district heating temperature level could replaceidistt heat pr o d-basedbdeati n t od:
and/or CHP plants. In this analysis, the biomass used to produce the original district heat, which is

no longer produced by combustion, is credited as a decreased feedstock demand.

The result is shown iRigure43, left part. The right part dfigure43 shows carbon efficiency
without consideration of district heating (samd-apire40 but rescaled to facilitate comparison).
The gasificatiorbased drop in biofuel production tracks DFB FT @dd) and O2FB FT (see
6.14) with the greatest electrification show a remarkable 1:30%% carbon efficiency using this
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methodologyThe BL gasificatiofbased FT pathway shows >120% carbfhiciency when ae
counting for reduced district heat fuel demand.

The most important reasons that the gasificaltiased drop ifFischer Tropschjuel tracks stand

out in this analysis are: 1) the highly increased carbon efficiency obtained by hydrdgemad

since the carbon losses become very small with hydrogen addition for these tracks, and 2) the rela
tively large amount of heat released by these processes, caused both by-tbepéayhture gasifi

cation and the FT process. The results showsigare46( | ef t ) can libnitngv & eve d
since it is notealisticthat it would be feasible to use all excess heat to replace biomass eombus
tion-based heating. It can, however, be seen as a strong argurdesigio and locate biofuel pro
duction plants to facilitate waste heat recovery and use in a biomass resmstrained future so

ciety.
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Figure 43. Total carbon efficiency, i.e. including energy byproducts, with (top) and without (bottom)
system expansion to account for potential reduced bibased combustion district heat production.
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This chapter contains the results of the teeboonomic analysis appligd estimate production
costs fo biofuels and bieelectro fuels according to the methodology describéd4dn

7.1 INVESTMENT COST ESTIMATES

Figure44 andFigure45 show the total capital expenditure (CAPEX) and specific investofahe
technology tracks studiedespectivelyln Figure44, everybox and whiskexplot correspond to
CAPEX data sebf the differentconfiguratiors for a giventechnologytrack Figure45 showsthe
corresponding specific investmetdta setin 0 /  kbWfuel product The numbes behindhese fig
ures are documented Appendix 3.CAPEX and Specific Investment
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Figure 44 Total CAPEX for all biofuel production tracks, including all configurations (base and elec
trified to varying extents).
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Figure 45 Specific investmentfor all biofuel production tracks, including all configurations (base and
electrified to varying extents).
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The total CAPEX for each technologyangi ng from 95 Ma for fast pyr
Mu theBLGFT rWGS SOEC configuration, is influenced by tagpital intensity of théech

nology and the assumed scale, Bggire44. Generally for bio-electrofueltracksthe CAPEX in

creases with increasiraectrification i.e.,the lowest-ends of the whiskers correspond to basecase

andthe highesendsto the most electriéd configurations involving SOEElectrolyserThis is

caused by the increasing production capacity with increasing electrificgitior,all configura

tions for each track use the same amount of biomass feedEledRAPEX span isn generala

good indicatoffor electrification potentiabf the tracksi.e.,the wider theCAPEX span the higher

the electrification potentidhusthe wider the room for improving carbon conversion efficiency to

biofuel productsThe basecase CAPEX of the BLG#IChpmonfi gur
gressively increased to a maximumadbutl 7 5 0  Mélectvificatiam.

A more relevant indicatasf capital intensitys perhapspecific investmentwhich considersoth

the CAPEX and production capacity of the pldrite ranking of the configurationgthin a tech

nology trackdo notnecessarily follow the same orderthatof the CAPEX. For exampléhe

basecase configuration of the BLGHa&ckhasthe highest specific investmerg,b out 49000 0/ k\
biofuel, whereasthe most electrified ca®®l GFT rWGS PEMconfiguration resulted ithe lowest

3 100 -hiofukl,\8eeFigure4s. For some technology tracks, the situation is the opposite with

increasing specific investment with increasing electrification.

Most of the bio-electrofueltracks have narrower margifor specific investmentanfor CAPEX,
exceptions are the direct liquefaction casbgh hal alimited electrification potential to begin
with. The trend indicatethatthe CAPEX addeddue toelectrificaion is compensateby increased
productivity, i.e. better carbon conversion to biofuel products.

Specific investmentoversonly capitalintensityaspecof economic performanaaf the technology
tracks henceadditional indicatothatbrings inoperating costmto the equation is necessary. In the
next section, production cost biofuels is estimatedomparedand discussed

7.2 PRODUCTION COST ESTIMATES

Figure46 shows the production cost (PC) of biofuelsdtitechnology tracks evaluated under
electricity market prices of 30 / MWh & de f4 0 (right)M¥uliscussed ichapters, plot-
ted against electricity input fractigtop), carbon conversion to biofuels (middle) and carbor con
version tototal products (bottom)The PCfor all bio-electrofuel trackgvaluated fall between 60
andl 4 0 0 und&bhoth ectricity prices This is because thiewer and uppePCvalues derive
from basecase configurati®and areinsensitive tochanges irelectricity price The higher-end of
therange 1001 4 OMWh/ correspondo directliquefaction(HTL and fast pyrolysisand FT
technologieslt should be noted th#tie assumed biogadsased hydrogen contributes to high costs
for the liguefactiorbased tracks in their base configuration.

The lowerend of the P@ange 60/ 1000 / M Wlorrespond to mbanol, SNGbioethanoland
ATJtechnologiesThe PC of the reference electrofuel tracks eMeOH and eSNG also fall within

these limits under both electricity prices, whereasefd@sufb et ween 140 and 165 U,
Stackedplots showing PC buildip of all traks are presented #ppendix6. production cost build

up. Figure47 showsPC buildup for BLGFT tracksis an example.
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The change in PC with increasing electrification eadon efficiency is different for different
tracks.Typically, the specific PC increasetth increasing electrification for the lowvost tracks
(SNG, methanol, ethanol) but still in all cases staying below the eBN@&MeOH production
costs.

For gasificatiorbased drojin fuels (FT) the change in PC with increasing electrification is much
smaller and can go either up or down, depending on the gasification technology and configuration.
In general, there is no or very small cost for increasing the biomass resource efficiency for these
tracks.

For the liquefactiotbased tracks, the PC decressvith increasing electrification. As described
above this is due to the assumption of using bitigaed hydrogen in the base cases, which was
done in order to have comparable climate performance between configurations.

In general,lhe gain incarbon cowmersion efficienesto biofuelsis high relative tothe correspond

ing marginalchange in PGwhichfor sometrackscould even béower than the basecase PC under
the3 0 0 / e\dditieity pricescenariqFigure46 middle and bottom)Carbon conversioaffi-
cienciegto biofuels and to total producisethe same for trackhatdo not havecarbon containing
non-biofuel co-producs, such as lignin and chdtOH, ATJ and HTL tracks have different carbon
conversion efficieng to biofuek andto total productsThus, except for thestracks,Figure46
(middle and bottonplots) are essentially the same.
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Figure 46. PC of bio-electrofuel tracks under electricity prices (4 / M W80 (left) and 40 (right) plotted
againg electricity input fraction (top), carbon conversion to biofue$ (middle) and total carbon conver
sion to products pottom).
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Figure47PChbuild-up f or BLGFT tracks wunder electrici.ty price

The PC of FT fuels via fluidized bed gasification DFB and O2FBFT are estimated to be in the
ranges 105 (111)130 (133) and 96 (100Y124 (130), respectivelinumbers before brackets for 30
W/MWh, withi n b r a c k e t. Bhe #elofan eleMriflddIMR lead to decreaseambstsand
eSMR configurationsorrespond to the lowend of the PC ranges. Further electrification to avoid
WGS resulted ifncreasedPC by22-30% for O2FBFT and 813% for DFBFT. The hgh electrie

ity consumption of PEMcompared to SOEQGgchnology resulted in higher PC for the configura
tions involving PEM optionFigure46 (middle) illustrates the corresponding carbon conversion ef
ficiency from feedstock to final biofuel which for DHBT track increased from 38% in the base
case to 78% for no WGS configuratiang maximum of 81% for rWGS configuration. For
O2DFBFT track the carbon conversion efficiency to biofuel increased from 28% to 41% to 79%
for basecase, eSMR and eSMR no WGS configurations, respectively.

The PC of the BL&T trackresulted in a rang®7(101)7 109 (122)a / M Wite variation of PC
for BLG-FT track betweelSMR and eSMR configuratiorns not as significant as for fluidized bed
configurationssincethese units arprimarily used to refornfT tail gasin this casedue to the low
methane comint of the syngas from the gasifier
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Further electfication of theBLG-FT with PEM or SOECtechndogy to avoid WGS andb inte-

grate rWGS resulted somewhatower PCfort he 30 0/ MWh el ectricity

40 0/ MWh Thkec@raesponding carbon conversion effictiesfor BLG-FT tracks with
SMR are 30%base), 54% (no WGS) and 123% (rW&@ay for eSMR 31% (base), 56% (no
WGS) and 105%r(WGS).More than 100% carbon efficieies derive fromintegrationbenefits
i.e., carbon inadditional biomassupplied to cover energy defidit the pulp milldue to BL gasifi
cationis less tharthecarbon inthe gasifiedBL itself.

The PC of BLGMeOH tracksincreasd with electrification from81 (82)u / M Whthe basease
to 89 (99)for therWGS track involving SOEC technologg§ompared to the basase, the PGf
the BLG-MeOH tracks withnoWGS and rWGS involving PEM technolo@ycreases by-9% for
30 U/ MWh el 0t ifwirt ¥ 0a nid Tvetarboe doreverdion éffiericytofy .
BLG-MeOH track progressivelycreased fron37% (base) to 59% (no WGS) to 90% (rWGS).

SNGcan be producenb a cost rang6é5 (66)1 83(91)u / MVahd61l 61)i 84 (92)u / MWia
DFB andO2FB configurations, respectivelftor both technologies, DFB and O2FBe tPCof
SNG increases witimcreagng share of electricitynput to the systemaThe PC cost increase for
the most electrified casé&s30-50% depending on technology and electricitg@sicenario But
the production cost is still lower than the corresponding ek&MG production cosiThe carbon
conversion efficiency for DFiBcreased fron839% tdo 66/60% (no WGS to 95/81% (full CO2
ulization). TheO2FB trackcarbonefficiency increased from 38 (base) t®8% o WGS to 80%
(full CO2 utlilization).

The PC of lignocellulosic EtOH tracks increase with increasing electrification from about
70(70)4 / MWihthe basease to 71 (73) / M Vith the heat pumpMVR) optionto 81 (89)

a / MMnthe MVR plus PEMbased rWGS. The EtOH track implementing MVR plus SOEC
based rWGS resulted i n Thdocarbon cogvhrsion efficienCy t@bto
fuelsfor EtOH increased fron28% (base and MVR tracks) to 45¥VR plusrWGS track)
whereagarbonconversiorto total productgi.e., including lignin pellets)ncreasedrom 56%
(base) tor4% (MVR) to 91% (MVR plus rWGS).

The PC for ethandio-jet track in the saalled ATJ pathway increases from 77 (47) M W78
(79) WMWh to 87 (97)a / M \With the basease, MVR and MVR plus PEMased rWGS configu

rations, respectively. The MVR plus SObBased rWwWGS configuration resulted in the highest PC
92 (100) 4/ MWh. It should be not-d-scabteffeetts t he
the capacity was magnified to about 2.5 times, compared to the capacity of the lignocellulosic
EtOH track, to show the impact of large ATJ plant that convert ethanol produced in multiple facili

ties. The carbon conversion efficienty biofuek increased from 24% (base and MVR) to 45%
(MVR plus rWGS)and to total product§.e., including lignin pelletsirom 53% (base) to 71%
(MVR) to 91% (MVR plus rWGS).

Direct liquefaction tracks resulted in P&hges 114 (119)i 137 (136)a / M \Vahd 98 (104) 136
(136)0 / M MWidn fast pyrolysis andHTL, respectivelyThe PC of liquefaction cases reduced by

17% (13%) and 11% (9%) from base cases to electrified configurations implementing PEM for fast

pyrolysis and HTL, respectively. The corresponding SOEC gordtions has slightly higher PC,
which compared to the base cases reduced by 18%) fbr pyrolysis and 10% (8%) for HTL.

The economic performance of basese configurations for fast pyrolysis and HTL suffer from high
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cost of bi o dCarkon ¢n9ebsionmpriMarhenmargins for pyrolysis and HTL are
limited toreplacement of biogas with electriciffhus,carbon conversion to biofuelisr fast pyrot
ysis increasgéfrom 49% (base) to 56% (no biogas) and for Hfbm 51% (base) to 64% (no bio

gas).

Figure48 shows the impact of changing electricity price from 30 tad40MWh on t he PC of
bio-electrofuel and electrofuel tracktotted against electricity input fraction (top), carbon conver

sion efficiency to biofuels (middle) and total carbon conversion efficiémayom) In general, the

cost increase i®f coursé higher for more electrified options (to the rightHigure48) and

reachesnaximum 18%, which is around half of the electricity price incred88%. The relation

of thePCincreasdo the fractionelectricity input is almost lineaF{gure48top). The highests

found for eSNGrack (17%, followed byrWGS trackg10% 15%), no WGS tracks4%i 10%),

eSMRand liquefaction tracks (<4%)

7.2.1 Sensitivity analysis on production cost

A sensitivity analysis was performed for the bi
dish statistics officé¢ i Wood Fuel cas dus@lénih® paBe case) and a tentative

value of district heating export (no value assumed in the PC above). The sensitivity analysis is per
formed for both electricity price scenari o, i .¢
atime while others are held at their base values. Excess heat utilization for district heating (DH) is
assumed for only half of the annual operation hours, about 4000 hours.

Figure4A9s hows PC sensitivity to biomass price whicl
a4/ MWh ( baa assuthed dncrease as the energy mix transforms from fossil to renewable
sourcegEnergiforsk 2021) Doubling the biomass price increased the PC of alel@otrofuel

tracks but with a varying degree, from 10% to as much as 60% under both electricity price scenar

ios. The lower end of the range corresponds to highly electrified configurations winerbaghit

end correspond to the base cases.

Figure50s hows t he i mpact of wutilizing excess heat
flect a representative production cost for DH. In general, this does not change the overall picture of

PC levels or trends. The PC of the tracks with high excess heat reduces most, such as O2FB tracks
reduces by about 14%.
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Figure 48 Impact of electricity price change on P(lotted againsteledricity input fraction ( top, nega
tive values mean electrity production), carbon conversion to biofuels (middle) and total carbon con
version to products pottom).
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7.3 CONCLUSIONS

In summary, the techreconomic analysis of this chapter shows that the production cost for all

bioel ectrofuel

eval uated
a/ MWh ,

tracks
ity costs. The higheend of the range, 10Q 4 0

and fast pyrolysis) and gasificatidiT technologies, which ardl &racks for drop in fuelsThe

lower end of the production cost rangei 5@ 0

t o

0/ MWiond toanethanat, SNG, bioethanol

and ATJ technologiedhis shows that the extemsichemical transformation from biomaespure
hydrocarbons (very differeelemental composition as discussed in cha}teas ahigh cost.The
production cost of the reference electrofuel tracks eFT, eMeOH and eSNG are in each case higher
than the corresponding bioch bioelectrofuel tracks.

The production costhangeswith increasing electrification and carbon efficiency

91 For the nondrop in fuels (SNG, methanol, ethanol), with lower base case production cost,

di

the specific cost increases with increasing electrification but still in all cases staying below
the corresponding electrofuetENG and eMeOHoroduction costs.
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1 For gasiication-based drofin fuels (FT), the change in production cost with increasing
electrification is much smaller and can go either up or down, depending on the gasification
technology and configuration.

9 For the liquefactiorbased tracks, the production tdecreases with increasing electrifica
tion. This is due to the assumption of using bielgased hydrogen in the base cases, which
was done in order to have comparable climate performance between configurations.

The sensitivity analysis with respect to massand electricitycost showsnot surprising, that bio
fuels tracks are sensitive to biomass price, electrofuel tracleaséige to electricity price and bio
electrofuels tracks fall in between.

Forthe hich biomass price scenario, bend bieelecto-SNG, methanol and ethdrstill have

lower production cost than the correspondirtgaeksbut for dropin fuels, the base case biofuel
production cost is now higher thas&. It decreases clearly with increasing electrification and the
bio-electrofuel options have lower production costs th&T e
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This chapter contains the results of the greenhouse gas footprint estimation for biofuels and bio
electro fuels according to the methodology describe&kition2.5.

Figure51 shows GHG emissions reduction potential of theddamtrofuel and electrofualacks
compared toespectivdossil counterparts indicated Trable2. The GHG perfamance ofall base
caseconfigurationsvashigh, as all fossil input were avoidetly the choice of desigrand the
emissionsvereprimarily driven by the biomass supply chain.

As the share of electricity in the inpuicreasesthe GHG performancéecomesnoresensitive to
electricity emission factorgigure51. For thel3.1 kgCOeq/GJ electricityemission factor see
narig, the bicelectrofueltrackscan achievas much a36%i 98% GHG emissiorreduction poten
tial while the electrofuel tracksichieved 1% 75%, Figure51 (left). Lower-end of the ranges cor
respond to SNG traslsince SNG requires more hydrogen for a giaerount of carbon atoms
which in turn require more electaity. Reducing theslectricity emission factor to 7 kgG@q/GJ
has significant impaain the GHG emissions reduction potential ofdhextrifiedcasesvhichin-
creasedo 86% 1 99%for bio-electrofuel trackand79% 87%for electrofuel tracksFigure51

(right).

Ideally, a zereemission electricity source would enable the heavily electifieglectrofuel

tracks achieve over 97% GHG esians reduction, while all electrofuel tracks converge at 100%,
Figure52. The remaining GHG emissions for thie-electrofueltracks come from collection and
transport of the biomass feedstock.
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Figure 51 GHG emissions reduction potentiabf all the biofuel tracks under electricity emission factors
(kgCO220/GJ) 131 (left) and 7 (right) plotted againstelectricity input fraction (top), carbon conversion
to biofuels (middle) and total carbon conversion to productskottom).
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This chapteattempts talescribesome aspects of largealecommercial implementatioof the
bio-electrofuelgechnologyln order to illustrate the impact, scenarios are develtmdiescribe

how the Swedish biofuel demand 2030 and 2045 could be met from domestic feedstocks using
combinations® ( At r abfudsibio-eleatioftidlsand electrofueldNe illustrate the impact

on biomass demand, electricity demand, total cost and total greenhouse gas emissions in order to
assess the societal benefit of the respective solution

It is important to point out that the scenarios devel@edo be seen dkistrative examples to

visualize the effects more clearly. It is not likely that scesavmuld occur that uses 100%f@els
or 100% gasificatiofbasedio-electrofuelsto meet thelemand for liquid athgaseousransporta
tion fuels, for example.

9.1 BIOFUEL DEMAND SCENARIOS

The present Swedisise of biofuels for transport 20 TWh/ybut this is mostly importedhe use

is mainly driven by the reduction obligation system, obliging fuel distributors to reduce the green
house gas emissions of their products by blending of sustainableTuetshave, however, not

been corresponding incentives on khefuel producton side.Only 3.5 TWh/y of bidfuel is pres

ently producedrom domestic feedstockethanolfrom wheat {.5 TWHhy), HVO from tall oil (0.6
TWhly) and biogasrom various substrat€d.5 TWHy).

There are many different scenarios for filteire volumes of astainable liquid and gaseous fuels
required for the transformation of tlevedishtransport systerrfor example by the government
initiative FossilFree SwedefiFossilfrittSverige 2021 Swedish Energy Agency
(Energimyndigheten 201@ndSwedish Transport Administratigiirafikverkets 202Q)The dif
ferences among thesee to a large extent depending on the assumptions regarding how fast the
electrification of road transport wilhke placebutthere is consensitisat biofuel demand fato-
mesticroad transport will peak in the period 20304Q There are also differences with respect to
if international transport fueled in Sweden is included or not.

A recent and highly relevant source flmmestichiofuel demand smarioss the governmeniniti-
atedlnquiry regarding phase oaf fossil fuels in the transport seci@Miljodepartmentet 2021)
The inquiry proposes théassil fuels are completely phased out 2040 importantfactor is that

all newpassenger caege electric from 2030 and onwarde Inquiry also proposes changes to
the current system mandating biofu#énding thereduction obligatiorsystem.

Figure53 shows theestimated demand dfjlid and gaseous fudisr domestic transportation in a
high electrification scenario. The demand for renewable fuels is 41 TWh/y 2030 akdzy

2045. We have selected this as dow demandiquid fuel demandgcenaridn the analysis carried

out in ths project, butfom Figure54, it is very clear that less optimistic scenarios for electrifica

6 Utfasningsutredningen (M 2019:04).

FDOS 45:2022



tion would create a substantially higher demarite high demand scenaniged in this studycor-
responding t o fave(riaMeel |edigeebdisiddmvwb/a2030am84 r at e 0
TWhl/y 204 for domestic transpart
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Figure 53. Domestic cemand of liquid and gaseous fuelén a high electrification scenario,from
(Miljodepartmentet 2021)
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Figure 54. Domestic demand of renewable liquid and gaseous fuels fdifferent electrification and
transport demand scenarios, from(Miljédepartmentet 2021).
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The demand scenarios discussed above do not includeatibmal transport originating (aradel-

ing) in SwedenThepre-pandemienergy consumptiofor international aviation was 10 TWh/y
and forinternational maritire transport 24 TWh/yWe have selected to include international trans
portation only in the 2@ldemand scenarios, eithed% of energy demand (low demand scenario)
or 100% (high demand scenatrio)

Based on this, the demand scenasioswn inTable23 were used

Table 23. Biofuel demand scenarios

20300nly domestic 2045 incl. international
Highfuel demand scenario 48 TWhly 68 TWhly (34+34)
Lowfuel demand scenario 41 TWhly 37TWh/y(20+17)

9.2 NATIONABUSTAINABLE BIOMASPPLY SCENARIOS

A recent andvidely usedsource for Swedish sustainable biomass supply poten{Bdigesson
2021)and this is also the basis of our sustainable biomass supply scenarios

In 2030, it is estimated that 50 TWh/y more than today of sustainable biomass resources can be
used.Forestbased biomass account for two thirds of the total biomass potential whereas agricul
ture-basedaccount for one thirdn 2040, the estimated incredaesustainable biomass supply-po
tential compared to today is 67 TWhiy.this case, foredtased biomassccount for 60% of the

total biomass potenti@ndagriculture for 40%.

There will be demand for theustainable biomass supflgm several sectorgccording to Fossil
Free Sweden, we can expapproximatelyequal shares of biomassergyuse for transport, indus
try andheat/power in 2048-ossilfrittSverige 2021)But use of biomass for industry and
heat/power is substantial already todayt is reasonable to erpt thatproduction of transport fuel
will take a much largeshare of théncreased biomass suppgtential As an examplewe have
somewhat arbitrarilyused a scenario in whiétb% of the increased biomass supply potentials
2030 and 2045 can be used pooduction of fuels for the transport se¢tas shown ifTable24.

Table 24. Biomass supply scenarias

2030 2045
Total increasediomass potentia{Borjes®n 2021) 50 TWhly 67 TWhly
75% of potential, assumed available for transport sector 37.5TWh/y 50 TWhly

9.3 BIOFUEL PRODUCTION SCENARIOS

Based on théuel demand scenarios (low and high, 2030 and 204%abie23 and thebiomass
supply scenarios (2030 and 204b)rable24, we have modelled a numbertbéoreticakcenarios
to meet the transport fuel demand using the domestic biomass supply.
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The scenarios includdifferent technologies for fuel production aadig to Table25. In this sce
nario work we selected to include only drimphydrocarbon fuels, which means that we have in
cluded gasification with Fisch&ropsch liquefactionwith hydrotreatment (refinerpasedynd
Fischer Tropscibased electrofuelshe latterusing flue gas as biogenic CO2 source.

The data inTable25is formed by interpolation and local averaging from the data in ch@pter

(Figure39 andFigure40) and chapter (Figured6, 40 0/ MWh  Gasificationiracki t y c o s
data are based on all three gasification technologies in combination with FT, since it iscassum

that a mixture of these would be more realistic to rdeatandhana single technologgand simi

larly for liqguefaction with hydrotreatmentata from chapte8 has also been used for GHG foot

print but is not shan in the table above, since there are several cases depending on electricity mix
assumptions.

Table 25. Technologies fordrop-in biofuel supply scenarios

Biofuel production technology Fraction el C eft LHV eff. Prod Cost
input 0 eMivh)
GasificatiorFTbase (biofuel) 5% 30% 45% 110
Gasificatior=T50% (bieelectro) 30% 55% 52% 105
GasificatiorFT90% (bieelectro) 60% 90% 52% 120
Refinery basébiofuel) 0% 50% 55% 135
Refnery electrified (bio-electro) 28% 65% 55% 105
Electrofuels 100% 100% 50% 160

The resiting sustainable fuel production scenarios are shoviigare55. A general principle that
has been used is thathe biomassupply is not enough to meeansport fuel demand in tlsee
nario, electrofuel production is usednet the remaining demanahich can be seen by the green
barsthat constitute thapper part of théars for almost all technology options.

It is only the mostcarbon efficient optionGasification FT 90%, grey bars) that manages to meet
fuel demand for all cases using biomass supply (almost, small deviation for 2645maining
technology optionsa substantial amount of electrofuel production ¢gineedto meet fuel demand
due to shortage of biomass supfie largestolumes of electrofuslarefor the least efficient
track (Gasification FT bas€eJhe case wittonly green bars ifigure55 (rightmost in each group)

is the electrofuels only caseith no biomass demand at &br the 2045Lscenarig with lowest

fuel demand and highest biomass pbédnall threebio-electrofueloptions can meet the demand.
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Fuel production
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Figure 55. Sustainable transportfuel production for the four scenarios Table 23) and the six technol
ogy options (Table 25).

Figure56 shows the biomass (top) and electrictipttom)demandor each sustainable fuel pro
duction scenarioThe biomass use is for the biofuelbio-electrofuelproductionin the scenarigs
whichis zero in the electrofuels only case. In most cases, the biomass use is equaktxirthen,
i.e. 75% of the additionalustainableupply potentik as indicated able24. The only production
technology that does not use the full available biomass supply is the high eHitiencygasifi
cation case (grey iRigure56).
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Figure 56. Biomass (top) and electricity (bottom) use to meet thisiofuel production scenarios inFigure
55. Electricity use is for thebio-electrofuel production and any electrofuel productian combined.

The electricity demanid substantial for all cases and scenarit® electrofuels only cases (green
bars inFigure56, lower part)have electricity denrals of75-140 TWh/y,which is 50%100% of
current total Swedish electricity consumptidihis is most likely not a feasible scenario.

The scenarios usingomass feedstocks, eithertasfuels + electrofuels, drio-electrofuelsre-
quiremuch less electricitiput still very large amountg.or 2030, 4660 TWh/y @round halicom

pared to 8aL00 TWhly for electrofuels only) is still too much to be realistic, which indicates that at
this time, Sweden will still be dependent on biofuels (or biomass feedstock) imgagiply our
transport system.
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In 2045,the two biofuel demand scenarios are very different, with on#@DWh/y of electricity
demand for the low scenario 2045iompared to 75 TWh/y for electrofuels orifar the 2045H,
electricity demand is 80 TWAlising biofuels obio-electrofuelsas the main optigrwhich is

much less than the electrofuels oatyl 40 TWh/y but still most probably too much to be realistic,
indicating thathe biofuel demand should be pushed towards the low sogheough extensive
batterybased electrification.

Figure57 shows production coster the biofuel demand scenarios. The agebiofuel production

cosk arenot dramatically different between thdferent options r anging from 120
The values shown iRigure57 (upper part) are average for the fuel productioenarios, meeting

the fuel demand, i.e. incliry the whole production mix. Asotedin chapter7 (Figure46) above

the electrofuel productiofmaction of the mix is more expensitlganthe biofuel or bio-electrofuels

which is consistent witthe fact that the electrofuels only caseFBigure57 always show the high

est cost.

It can also be noted that the cagth the lowest cost for each year and demand scenafar &l
demand scenarios and yearbjo-electrofuelscase In three out of the four cases, it is thighly
electrifiedgasi fi cati on case (fAGasi ficat iteothedt@do CO) .
bio-electrofuelcases, with lower carbon efficiency has higher costs. It can be noted that this coin
cides with tkat that these two cases can meet demaitigowt electrofuels supplement (compare
Figure55), indicating that it is cost efficient to electrify biofuels (ifio-electrofuel} to the extent
enough to avoighure electrofuel productiobut not necessarily mor®r in other terms, it is effi

cient to use the biomass resource availfitdeand then to turn to electricity as a second option.

As noted above, it has been assumed thatidrbgdrocarbon fuelareused to meet the full e

mard. It can be noted from chap&(Figure39 andFigure40) and chapter (Figure46) that costs
would be lower and efficiencies higher if methanol and/or methane were produced by gasification
and electrofuel technolog$ince much of the demand in 2045 is fdeinational maritime

transport, it is not unlikely that methanol or methane could be an important part of a fugliohix.

an assumption would decrease the overall costs, but it would not dramatically change the compari
son between biofuelbjo-electrofuelsand electrofuels, which is the main purpose of these scenar
ios.

Figure58 showsaverage and total GHG emissions for the biofuel production sceriarios

7 g CO2/MJand zero CO2lectricity. The electrofuelsase hathe highest (for 7 g CO2/Mdec
tricity) and lowest (for zero CO&8lectricity) GHG footprint, with biofuels and electrogls cases
lying in betweenAll of the cases shown iRigure58 have good GHG performance with >80%
savings compared to fossil fuebs noted in chaptes, this was nothe case for electrofuels with
13 g CO2/MJ electrity.
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BIGELECTRO FUELSYBRID TECHNOLOGY FOR IMPROVED RESOURCE EFFICIENCY
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Figure 57. Average (top) and total (bottom) fuel production cost for the biofuel production scenarios in
Figure 55. Note that this is the total production cost for sustainable fuels, not an increase compared to
fossil fuel.
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20 20
15 - 15
)
2
N
O - 10
O
(2]
-5
-0
2030H 2030L 2045H 2045L
m Gasification base m Gasification 50% C m Gasification 90% C
m Refinery base m Refinery electr. H2 m Electrofuels
Total dropin fuel GHG
5000 5000
4000 4000
> 3000 3000
N
]
O
=< 2000 - - 2000
1000 - I - 1000
0 - -0
2030H 2030L 2045H 2045L
m Gasification base B Gasification 50% C m Gasification 90% C
m Refinery base m Refinery electr. H2 H Electrofuels

Figure 58. Average (top) and total (bottom) GHG emissions for the biofuel production scenarios in
Figure 55. Top of bars indicate 7 g Co2/MJ electricity and bottom of barszero COZ2electricity. Note
that this is the total GHG emissions for sustainable fuels, not an increase compared to fossil fuel.
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Sustainable biofuels will be an important part of the tramsiof the transport sector towards-sus
tainability. Despite extensive electrification, primarily in road transport, the demand for gaseous
and liquid fuels is expected to be significant in both 2030 and 2045.

Sustainable biomass is a limited resouhsehis respect, the relatively low carbon efficiency in the
transformation of lignocellulosic biomass to transportation fuels and chemicals using emerging bio
refinery technologies, such as gasification, pyrolysis and fermentation, could become a challenge.
It leads to lower climate benefit and lower amount of displaced fossil products from a certain
amount of biomass.

This research project investigates how integrated electrification of biorefinery processes can be

used to improve the carbon efficiency. Praceedelling of different process configurations, based

on openly available data for process unitso per
the modelling were used to estimate performance indicators for the configurations, such as effi
ciency,production cost and greenhouse gas emissions.

A major factor limiting the carbon efficiency in biorefineries is the elemental composition of the
feedstock and the produdtheinitial analysis of theoretical efficiencies of biofuel productioot
requiringenergy seksufficiency, indicates that gheoretical carbon efficiendpr biomass conver

sion to fuel products 50-80% for lignocellulosic feedstocRheexact number ikighly depend

ent on the desired product molecule, especially its elemental composition. Carbon efficiency is in
general lower for products that have high H/C rdtio examplemethaneHydrogen addition can
dramatically change the picture and always giM@3% theoretical carbon efficiencyheoretical

energy yields with hydrogen addition (on biomass feedstock basis) is >100% and as high as 180%
for methane from lignocellulose. This means that a large amount of hydrogen needs to lve added
reach this eftiencyand that this energy can be stonedhe methane product.

An initial screeningpf emerging biofuel production technologies for lignocellulosic feedstock

showsthat he carbon efficiencies that ceofthechetobt ain
process configurations, a2&50%, i.e.significantly lower than the theoretical efficiencies. There

are severaleasonsor this

1) thelimitation posed by the different element composition of feedstock and pretiudied
in the theoretical analysi

2) biomass feedstock is used bathcarbon source and as energy source, which usually
means that some of the feedstock is combusted in the process

3) by-product formation and side reactions, which lead to the formatiocarbbncontaining
streams other thahe main desired product

Integrated electrificationan provideneans to improve the carbon efficienByevious research
studieshave investigatedhe effecs for specific combinationsf biofuel production technologies
and electrificatioroptions.Thebroader analysiand synthesidone in this project for a large num
ber of combinations show thatettwo most important technology categories for electrification
were
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1) Electrolysis of water for hydrogeaddition to the biomass conversion process, which can
address the limitations posed by the different element composition of feedstock and prod
uct

2) Electric heating, which can address the use of part of the biomass feedstock as energy
source, by replacinthis with electric energy. The technology uskffers depending on
the specific process, and ranges from high temperature direct heating of chemical reactors
to (relatively) low temperature heat pumps that can supply low pressure process steam de
mands.

Ten differentspecificlignocellulosicbased biofuel production pathways were selected to study in
more detail theffect of integrated electrification on carbon efficiency, energy efficiency, produc
tion costs and GHG performandene selection was done based on relevance in a future Nordic
context ancelectrification potentialThe tracks are

1 Gasificationbased drofin fuels through FischeFropsch synthesis combined wih-
trained flow BL gasification, oxygehlown FB gasificationand indirect duaFB gasifica
tion

1 Gasificationbased metine/synthetic natural gésroughcatalytic methanationombined
with oxygenblown FB gasification and indirect duBB gasification

1 Gasificationbased methanol through catalytic synthesis combiittdentrained flow BL
gasification

Pyrolysisbased drogin fuels through fast pyrolysis and catalytic hydrotreatment
HTL-based dropn fuels throughydrothermaliquefaction and catalytic hydrotreatment

Ethanol through lignocellulosksugarbased fermdation

= == =4 =

Jet fuel througlethanol production (see above) in combination with catalytic dehydration
and oligomerization (so called alcohols to jet)

A fairly detailed process modellidgased analysis of these tracks sholgarly that integrated
electrification has a great pential to improve carbon efficiency (as illustratedrigure39 above).
The base case process options have electricity inputs bet¥@¥rand 10% (negative numbers
means electricity production) and carbon efficiencies between 20%0&td here is a clear in
crease in fuel carbon efficiency with electrification for all prothrcpathways.

The most electrified cases with the highest potential carbon efficiencies are based on gasification.
These have electricity inputs that are around 2/3 of total input, which means that there is around

twice as much electric energy used as lsians ener gy, trul y mbideleg ati ng
trofuel®. The main electrification technobasedyy used
hydrogen to theyngasput also electric heating can contributée increase inarbon efficiency,

and thus production potential for a given amount of biomass, can be increased tifweefalaly

gasification tracks. The resulting carbon efficiency can approach,li6@®greement with previous

studies of gasificatio(Hannula 2016)and even increase that, if integration effects are included.
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Production based on other technologies than gasification caledidfied to a lower extent and
show a little bit lower increase in efficiendyor biomass liquefactichased tracks, around 60%
carbon efficiency can be reached at aroR2B% electricity input.

Thetotal carbon and energy efficieies, i.e. also inclding energy byproducts(such as lignin pel
lets from ethanol productiomnd heat, showimilar trends ashe fuelbased efficiencies but the
improvement in efficiency with electrification fonostnon-gasificationbased tracks is now larger,
since byproducts are more important for thesspecially thand-based tracks

The electrification does not have a major generic systematic impact on tpeoltiettionenergy
efficiency, whichmeans that the conversion of added electricity to biofuel product is not less effi
cient (on energy terms) than the original process from biomass to biofuel.

Themarginal efficiency for electricity addition for each of the electrified cases provides more d

tail than the general energy efficiencies since each electrification option is in this case compared to
the base case of the same technology trHo&.marginal electricity efficiency is varyirfggptween

30% and 80% depending on track and electrificagahmology. The purelectrofuel tracks show

an electricityto-fuel efficiency of approximately 50%, using the saamssumptionend methodal

ogy.

For the gasificatiofibased tracks, marginal electricity efficiencies can reach as high aar@D¥
general shas atrend of decreasing marginal electricity efficiencies with increasing electricity ad
dition. For high degrees of electrification, >50% electricity input, the marginal efficiency ap
proaches the 50% efficiency for thduel tracks. For lower degreesaitctrification (535% elee

tric energy input), the marginal efficiencg/often>70%. It is clear that using an electric heated
former, where relevanis very energyefficientwith 75-80% marginal efficiency.

For the norgasification tracks, adding eleglysis hydrogen to the HTL process stands out as the
most energyefficient option, while marginal efficiencies are in general somewhat lower for pyroly
sis and ethandbased tracks.

If it is assumed that the excess heat from biofuels productiorepta® biobased CHP, very high

overall carbon efficiencies are obtained due to the avoided incinechtidomass for CHfh

combination with the high carbon efficiencies of tie-electrofueltracksthat generate the excess
heat.Several traks obtain carbon efficiencied50% with these system boundarigébe efficien
ciescalculated by this approaftomc an b e v ilimtingecda saesd ,a shiirealistiethat t i s
it would be feasibléor all excess heat to replace biomass combudiamed heating. It can, hew

ever, be seen asvary strong argument to design and locate biofuel production plants to facilitate
waste heat recovery and use in a biomass rescorwdrained future society.

Assessment of the potential foost savings or additional revenues frimtermittent operation and
flexibility services, based on electrolyzer owapacity and hydrogen storage, was carriedTe.
analysis was based on scenariodtiture electricity price variabilityand historical values for flex
ibility services The uncertainty in future electricity prices and the lack of scenamdsttire val-
ues of flexibility services makéhe results arbighly uncertainA conclusion is thaintermittent
on/off operation antlydrogen storage decrease average electricity purchase plies noseem
to show a significant potential to decrease production costiderlectrofuelgproduction The pe
tential to offer flexibility services to the grid operator can decrease the net electricity cost by
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470/ MWh , -20% dof the ateage electricity price in the electricity system scenarios used.
We havechosen not to explicitly inadeintermittent operatioryydrogen storagand flexibility
servicedn the techneeconomic calculationsnsteadthey are implicitly included in thelectricity
price scenarios.

A techneeconomic analysisonducted wittassumptions relevantrf®lordic conditionshows that

the production cosfor all bio-electrofuet r acks eval uated f al &dssumet ween
ing30:4 0 0/ MWh e | eTbethigheend bftheranges 108 40 G4/ MWh, correspc
direct liquefaction (HTL and fast pyrolysis) and FT technologies. The lower end pfdtiection
costrange, 601 00 a4/ MWh, correspond to methanol, SNG, |
produdion costof the reference electrofuel trackBT,eMeOH and eSN@re in each case higher

than the corresponding biochbio-electrofueltracks

The change iproduction costith increasing electrification and carbon efficiency is diffeter

different tracks. Typically, the specifaostincreases with increasing electrification for the low

cost tracks (SNG, methanol, ethanol) but still in all cases staying below the eSNG and eMeOH pro
duction costs. For gasificatidsased drogin fuels(FT), the change iproduction costvith increas

ing electrification is much smaller and can go either up or down, depending on the gasification
technology and configuration. In general, there is no or very small cost for increasing the biomass
resource eftiency for these track&.or the liquefactiorbased tracks, thgroduction costlecreases

with increasing electrificatiorThis is due to the assumption of using biegased hydrogen in the

base cases, which was done in order to have comparable clen@merance between configura

tions.

A sensitivity analysis with respect to biomass cost shows somewhat changinddrendsenario
of doubled biomass pricgSor SNG, methanol and ethanbio-fuels andbio-electrofuelsstill have
lower production cost than the correspondingaeks. But for dropn fuels, the base cas@fuel
production cost is now higher thasF&. It decreases clearly with increag electrification and the
bio-electrofueloptions have lower productiacosts than-€T.

The GHG performance of all base cas&fuel productiorconfigurationsnverehigh, as all fossil

inputs were avoided by the choice of design, and the emissions were primarily driven by the bio
mass supply chaifhe use obiogenicresiduesaccording to the renewable energy direx; only
carries the GHG footprint of calttion and transportAs the share of electricity in the input in
creases, the GHG performance becomes more sensitive to electricity emissionFactts.1
kgCQOeq/GJ electricity emission factor scenario, theddactrofuel tracks can achieve 7698%

GHG emssion reduction potential while tipeireelectrofuel tracks achieved 6176% A zero
emission electricity source would enable the heavily electrifiegtlgictrofuel tracks achieve over
97% GHG emissions reduction, while all electrofuel tracks convert@08b.

A scenario analysis wamsade in order to assess the impact that laogde implementation difio-
electrofuelgechnology could have on the possibility to supply transport fuel for Swedish demands

The analysis sbowaséebabi abuebsfibashnol ogy, wittk
leads to very largbiomass demand for meeting the transport fuel demand, which indicates that

biofuels alone is not a realistic option. For the 2030 scenarios, ofi9%0of the demand can be
supplied by the biofuel production t gronmdool ogi es
mestic sustainable biomass resour€®s the other hand, the electricity demands for meeting the
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liquid transport fuel demands by electrofuels only are hugd480TWh/y, despite assumed signif
icant electrification of road transport.

Hence, it is clear that a combination of biofuels and electrofuels is required. From the electricity
demand and production cost scenarios, it is cleabtbadlectrofuels i . e . combining
the fAel ectr oo ipmocessismoraeffitient apdrhas tbwer ¢ost than building sepa
rate processes.

Another benefit of thbio-electrofuelgprocesses, with high carbon efficiencies, is the avoided di

rect emissions of CO2 from the biofuel production proceisese emissions do not substitute any

fossil emissions and are, hence, not creating any benefit. If the carbon is instead bound in-fuel prod
ucts, it is still released as CO2 to the atmosphren the fuels are usgdut since the biofuel

products substite fossil fuel products, there is a climate benefit. Using dynamic LCA or other
comparable methodologies the quantify this aspect of theleatrduels technology is something

that would be an interesting topic of further resed@ihtas et al. 2017)

The production and electrification technologies included in this study are aittmenercial or cur
rently being commercializedlost of the technology options being lookedan be implemented
already now, even the cost and technology riskll decrease with time. All technologies are be
lieved to be commercially availbuntil 2030, allowing large scale implementation withantex
tensive technology riskn the present situatiorherearecurrently not always incentives fpro-

ject developers and investdoschoosenovelcarbonefficient production technologies over tech
nologieswith lower resource efficiencythe demand foresiduebased biogenic feedstocks, for ex
ample bark and saw dust, is today not large enoulglatbto increased prices, which would make
bio-electrofuels more costompetitive The plants being planned today wilbwever operate for

at least 1820 years, whicliorm a societal poirdf-view makes it motivated tsupportresource
efficient and future proof process configurations. Developragpblicy/incentives that promotes
resource efficient use of limited biogenic resources in biorefinertbsshighly motivated

Legislation is and will be an important factor in the commercialization efdnd electrofueland

the construction of largecaleproductionplants. A major aspect is the sustainability critend

thei uel tvype intheEY $egidation, aince theseddetermine the conditiores fiom

ber of other aspects of great importance, such the minimum tax rates, the possibility to fulfill spe
cific quotastowards renewable energy, ditthe current Renewable Energy Directitweo rele

vant definitions of fuel types are:

9 advanced biofuels fimeans biofuels that are produced from the feedstock listed in Part A
of Annex IXo;

1 renewable liquid and gaseous transport fuels oftological origin(RFNBO)i fimeans
liquid or gaseous fls which are used in the transport sector other than biofuels or biogas,
the energy content of which is derived from renewable sources other than ldiomass

From the results of this study, it is clear thatrinest carbon efficierbio-electrduels (produced by
extensive indirect electrification of biofuels productiang produced from feedstocks qualifying as
Aadvanckbd.biAdf u dmostaf theremergyis daved from renewable sources
other than biomasswhich is normally assciated withRFNBO (or electrofuel)Classification of

the fuel is of great importance, sirmestainability criteria anthe methodology for estimating
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GHG performance may be differeffhe current views that therenaybe significant rstriction on

what electricity can be used for RFNBO productiddn the other hand, biofuels can use grid-elec
tricity purchase and count the average grid GHG intensity in the GHG performance of the product.
It will be of utmost importance for the furthdevelopment of the bielectrduels technologyo

obtain a firm understanding of the legislative status of this type of product.

Based on theesults of the project, summarizadove, the following overall conclusion can be
made:

1 Integrated electrification of biofuel production, leading to so cdllegtlectrofuelscan
greatly improve biomass resource efficiency

1 The most important electrification technologikat can lead to this improvement in effi
ciency are wateglectrolysis, higitemperature direct electric heating and heat pumps.

1 Gasificationbased biofuel productidinom lignocellulosic biomasshows the greatest po
tential for integrated electrificatiolThe amount of transportation fuels that can be pro
duced from the same amount of biomass can in many cases be doubled or tripled.

9 Also other lignocellulosibased production technologies show potential for integrated
electrificationwith good efficiencyinprovements, but smaller than gasification

1 The overall energy efficiency of thpeocess is in general not negatively affected by the
electrification. There are differences depending on thduztion technology with either
small improvements in energy efiéncy or small decreases.

1 The productiorcostsfor bio-electrofuelsare similar to or somewhat higher than the corre
sponding biofuelproduction costs, but lower than the correspondiagtrofuels cost.
This indicates that indirect eleiication is costefficient.

1 The greenhouse gas performance of all options stiidafuels,bio-electrofuelsand
electrofueld are in general gooas long as the GHG footprint of the electricity used in the
process is low.

1 A scenaricanalysisfor production to meet the demaafithe future transport sector-de
mand for liquid and gaseous fuaas made. Thessultsindicatethatimprovingbiomass
resource efficiency by indirect electrification leadshe possibiliy to meet derand based
on domestic sustainable biomass resources, which was not possiblstatgotthe-art
biofuel production technology with lower carbon efficiency.

1 Developmenbf policy/incentives that promotes resource efficient use of limited biogenic
resaurces in biorefineries is highly motivateafuture-proof the biofuel production capac
ity being built up in the coming years. The efficient-blectrofuel technologies may not
be costcompetitive compared to pure biofuels given current market conditions.

" A delegated act to thRenewable Engy Directive is being developed by the European Commission,
regarding sustainability criteria for RFNBOs. It was schedfde®ecember 2021 but #tewriting of this

report it has not bedinalized. A leaked draft from the European Commission indicates severe demands on
electricity, including either additionality in electricity production or only operating at time periods with a
documented exces$ @newable electricity in the grid.
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APPENDIX INTERMITTENT ELECTRIFICATION AND HYDRO
GEN STORAGE

This appendix contains details to describe methodology and support conclusions inschapter

ELECTRICITY PRICE SCENARIOS

To summarize the impact on electricity supply and demand of the presented sdegarss?,

Figure48 andFigure49illustrate the essential differences between the scenarios. Compared to to
dayds consumption all of the scenarios assume
fication within transports and industry. For scenario EP, the electpicguction in SE3 will in

crease significantly by 2045 in comparison to the other scenarios. Furthermore, the production ca
pacity is also expected to increase for all scenarios, mostly due to the expansion of solar power.

Electricity demand for different scenarios 2035 and
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Figure 59. The projected electricity demand for 4 different scenarios divided by the electricity trading
zones over the years 2035 and 2045ased on data from Svenska Kraftnat (Svenska Kraftnat 2021).
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Figure 60. The normal yearly average electricity production for 2025, 2035 and 204®based on data
from Svenska Kraftnat (Svenska Kraftnat, 2021).
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Installed production capacity 2035 and 2045
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Figure 61. The projected installed production capacity divided over the different scenarigbased on
data from Svenska Kraftnat (Svenska Kraftnat, 2021).

Through simulations conducted by the TSO Svenska Kraftnat based on the scenarios and different
weather yearsy normal energy balance was obtained as can be sEguie50. In 2035 we can

see that the balance is approximately the same as today for all zones, except fdiSt, tve

two higherelectrification scenarios is simulated to be a net consumer instead of net producer. For
2045, the balance varies a lot depending on the scenario except for SE2 and SE3, which remain net
producers and consumers respectively. SEleithler become a net producer or consumer depend

ing on the degree of electrification within the steel and iron industry. For SE4 the situation depends
on how much ofshore wind is going to be located in the region. If the expansion is fullyimple
mented, he zone will have a large electricity surplus, otherwise it will remain a net consumer of

the approximate same magnitude as today.
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BIGELECTRO FUELSYBRID TECHNOLOGY FOR IMPROVED RESOURCE EFFICIENCY
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Figure 62. The simulated normal energy balancén TWh for the different scenarios by 2035 and 20}
(Svenska Kraftnat, 2021).

The normal average prices of electricity simulated for the different scenarios and trading zones are
presented ifrigure51.
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Figure 63 Normal average yearly prices for the different scenarios by 2035 and 2045, based on data
from Svenska Kraftnat (Svenska Kraftnat, 2021).

FDOS 45:2022 128



METHODOLOGY FOR ELECTRICITY PRICE MINIMIZATION

In Equation 1, the problem is mathematicallyatdzed.

N
min E P; - price;
}?

S.1.

i=1
-P.'n".u‘r.'i — P:' — _-'P'u,ﬁr. Vie N
Ehﬁm',i _ R*si'u-r._i - E.‘-'F.f.r'r'..f—l — U v?* = —"\'r
P;  if price; < maxbug, . _ (1)
) e Y vieN
clse )
0 :_} Pi E -‘nu..a'r. + Rmr:rﬁizr: Vie N
- Pﬂ.ﬂ,.‘n‘! :: ‘Pshj'r.-:' ;: R.I‘J.‘E."l".‘-“f,-?f.‘ Vie N
0> Fyori = storsize - 24 Vie N

Table 1 describes all of the variables and parameters that have been used in this study.

Variable/Parameter Description Value, [Unit]

R The power purchased from the grid| [MWh/h]
at time step i

N The optimization horizon 8736, [h]

price The spot price of electricity at time | Values from simulations (Svenska
step i TN FAGYNGE HAHMO I

Pstor,i The power going into or out off the | [MWh/h]
storage at time step i.

Estor,i The state of charge at time stepi | [MWh]

maxbuy The highesprice at whichtheelec | 10mMmnnns weka?2 K8
trolyzer is allowed to purchase elec
tricity from the grid

Poversize Electrolyzer over capacity compare| 10-100, [%0]
to the constant demand

Puse The constant demand required for | 1 (would yieldhe same result for
the production process any value), [MWh/h]

Storsize The size of the storage 2 or 5, [days]
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Feedstock handling and feeding system

Gasification feed handling system
Belt dryer

Gasification feeding system

Air separation unit (ASU)
Liquefaction feed handling & prep

Main conversion units

Entrained flow gasifier (black liquor)
Dual fluidized bed gasifier

Fluidized bed gasifier

Hydrothermal liquefaction reactor
Fast pyrolysis @tor

Hydrogen plant

Intermediate prodict refining units

Compressor

Conventional steam reforming (SMR)
Electrified steam reforming (eSMR)
Water gas shift (WGS)

Acid gas removal (amine wash)

Zinc bed

H2S scrubber
PEM electrolyser
SOEC electrolyser
SMR/'WGS

FDOS 45:2022

Scaling parameter

production, MW
production, MW,
production, MW,
oxygen, ton/day
feedstock, topeth

BL tBLS/day
biomass feed, MW
biomass feed, MW
feed, tomw/day
feed, torpm/h
production, tony/day

feed, kmol/h

feed, kmol/h

feed, kmol/h

raw syngas, N&th
shifted syngas, Nt
HHV biomass, MW

feed, kmol/h
electricity input, MW
Electricity input, MW
feed, kmol/h

Scaling Base size Base cost (§

exp.

0.65
0.65
0.60
0.75
0.77

0.70
0.60
0.60
0.70
0.40
0.70

0.70
0.60
0.60
0.65
0.65
0.65

0.70

0.60

(&)

100
100
20
576
65

500
100
170
500
10
16

285
31733
31733
59 000
15 695

216

285

31733

a e

31

27
10

24
60
70
114
12
31

74
37

2.5
2.3

0.8
1.2
74

APPENDIX EQUIPMENT COST FOR MAJOR PROCESS UNITS

Process section

Base
year

2014
2014
2014
2013
2014

2017
2020
2020
2014
2000
2014

2014
2014
2014
2009
2018
2012

2014
2016
2018
2014

o T

Rekrence

(Thunman et al. 2019)
(Thunman et al. 2019)
(Thunman et al. 2019)

(Mesfun et al. 2016)
(Tews et al. 204b)

(Jafri et al. 2020)
BioShare
BioShare

(Tews et al. 2014b)
(Tews et al. 2014b)
(Tews et al. 2014b)

(Thunman et al. 2019)
(Baltrusaitis and Luyben 2015)

(Jafri et al. 2020)
(Jafri et al. 2020)

(Arvidsson, Morandin, and Harve)

2014)

(Thunman et al. 2019)
(Glenk and Reichelstein 2019)

(Brynolf et al. 2018)

(Baltrusaitis and Luyben 2015)



Carbon capture (amine technology) separated C@ kton 1 1 0.05 2015 (Brynolf et al. 2018)

Mechanical vapor recompression (MVR) heat delivered, MM 1 1 0.5 2018 (Marsidi 2019)
Biofuel synthesis

Fischer Tropsch synthesis reactor syngageed, Nn#/h 0.75 70 630 56 2007 f (Liu et al. 2011)

Methanol Synthesis reactor MeOH, ton/day 0.65 465 26 2017 (Jafri et al. 2020)

Synthetic natural gas reactors syngas feed, kmol/h 0.70 285 5.2 2014 b (Thunman et al. 2019)
Final product refining and upgrading

HTL oil upgrading HTL oil flow, ton/day 0.70 184 16 2014 (Tews et al. 2014b)

Pyrolysis oil upgding Pyro oil flow, ton/day 0.70 360 57 2014 (Tews et al. 2014b)

Fischer Tropsch upgrading FT crude, ton/day 0.65 6 15 2007 (Liu et al. 2011)

Methanol upgrading MeOH, ton/day 0.65 465 17 2017 (Jafri et al. 2020)

aBasecost other than Euro converted to Euro equivalent using average annual exchange rate of the reference year.

bOriginalcost reported for 20 MW biofuel product plant capacity. The scaling parameter was converted to molar flow.

cAssumed to be half of that of SMR due to the significant size reduction expected with the design of eSMR configlisatiann et al. 2019bBesidesho sidefired combustor is
need for eSMR configuration which further reduces the capital cost compared to traditional SMR.

dPEM electrolyser cost refers to projected cost for 2030, in line with the timeline this study considers.

eFollowing internal diggssion with project partners, it is possible to run a steam reformer in reverse wagshift (r'WWGS) mode by fine tuning the operating parameters (temperati
pressure, steam, catalyst) to favour desired products. The cost of rWGS is thus assumétbtedree as that of steaimethane reformer.

fFT synthesis cost recalculated to reflect the configuration used in this study. The source reported aggregated costtfeesisl 8§ R, FT refining and recycle compressor. Cost for
reformer and recycle compssor are deducted.
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APPENDIX BAPEX AND SPECIFIC INVESTMENT

Specific investment

Track Process configuration W1 € khaotuel] ¢tC/ L
eFT 5962 858
eMeOH 4874 700
Efuels
eSNG 4121 829
eSNG 4121 829
SMR 3981 498
Base
XSMR 3675 530
PEM
No WGS 3275 696
SOEC 3601 765
PEM
AWGS conc 3271 1295
1 1577
BLGFT 398 >
eSMR 3868 502
Base
xeSMR 3425 547
PEM 3159 737
No WGS
SOEC 3501 816
PEM
AWGS 3086 1429
SOEC 3785 1752
Base Base 2 856 458
PEM 2514 7
No WGS ° 679
BLGMeOH SOEC 2 865 774
PEM 2397 1094
WGS 39 09
SOEC 2973 1357
Base 2785 171
EtOH MVR 3080 189
MVR + rWGS PEM 3202 350
MVR + rWGS SOEC 3 605 394
Base 3692 252
PEM 3663 250
HTL biogas
HTL SOEC 3814 260
) PEM 3663 250
No biogas
SOEC 3814 260
Base 4 889 93
Pyro . PEM 4898 94
No biogas
SOEC 5141 98
2044 184
Base
Preheat 2038 184
PEM 1994 211
No WGS post
SOEC 2117 224
DFBSNG
PEM 2107 279
No WGS pre
SOEC 2377 315
PEM 2251 4
r'WGS > 09
SOEC 2673 485
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DFBFT

O2FBSNG

O2FBFT

ATJ

Base

No WGS

r'wWGS

Base

No WGS post

No WGSre

r'wGS

Base

No WGS

Base
MVR
MVR + rWGS
MVR + rWGS

SMR
eSMR

PEM
SOEC

PEM
SOEC

PEM
SOEC
PEM
SOEC
PEM
SOEC
SMR
eSMR
PEM
SOEC

PEM
SOEC

5108
3653
3 807
4110
3843
4176
1909
1959
2011
2239
2617
2 306
2752
4827
3240
4 005
4137
3163
3475
3423
3838

301
309
483
522
509
554
306
342
351
737
862
893
1066
506
494
1148
1186
432
475
854
958
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APPENDIX VR APPLICATION TO LIGNOCELLULQOSIC
ETEHANOL PROCESS

PRETREATMENT

To remove the demand of steam for pretreatment an MVR could be interesting since there is low
pressure steam leaving the flash tanks in this system. The twayoestions for MVR integration

are if there is enough flash steam, and if the temperature lift is realistic. One other aspect to con
sider for practical use is the risk of accumulation of compounds in the flash steam when recycling.
A description of the relent flows in a S@catalysed steam explosion pretreatment is shown in
Figure64.

Flash steam 2 — 4 bar

»
L

Low pressure
steam 20 bar steam

Flash

Flash steam 1 bar

E—

Flash

Biomass
— Presteaming

Pretreatment
100°C Reactor

A 4

-—

Figure 64. Block flow diagram of potential vapor streams in SO2catalysed steam explosion prreat-
ment of softwoodwith 2 flash drums at different pressures

With regards to the temperature lift a good measure of finding a realistic lift (or pressure increase)
is to look at the Coefficient of Hlermance (COP). The COP is equal to the amount of heat Q

high temperature that you can get out from an input of electricity WF{giire3). Typicd values

for the Coefficient of Performance obtained in industry for MVR heat pumps are at least 3.5, but
COPs above 10 are achievatiéop, 2015)

Simulations in SuperPro Designer have been made for steam pretreatmentcedilifpsic bio

mass to study the effect of pressure/temperature of flash steam and the integration of an MVR. The
results indicate that it is possible to cover thébdf steam demand in the pretreatment reactor with
flash steam using vapor recompressidme Ppressure increase, and thus temperature lift, will need

to be high, however. Most likely temperature lifts ofID°C and a pressure increases of 18 bar

would be needed to match the steam demand and the production of recompressed flash steam. The
COP pr this MVR would most likely lie below 3.5, but not too far away from a COP of 3.
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The 20 bar steam is covered using an MVR and flash steam, but the steam needestdanpng

will not be covered by the atmospheric flash drum. Thus, the problem dfisigpgteam to the
pretreatment is not entirely solved by the MVR approach. An MVR with a conservative COP of 3
is assumed to replace the 20 bar steam demand of the pretreatment process.

DISTILLATION

A number of scientific studies have assessed the bgigindeof distillation systems for ethanol
production. The consensus in these studies is that three internally integrated distillation columns are
the best design when considering both heat demand and investment costs. There are also commer
cial designs in stgeneration ethanol plants, e.g., at Agroetanol in Norrképing Sweden and many
other places around the woKMogelbusch, 2021)who have come to this conclusion. Mifiire-

grated distillation systems have also been presentegénad®f the studies conducted but based

on the assumptions in these investigations the MVR option is expensive compared to-eat inte
grated distillation given the price of electricity and the cost of the heat pump.

In (Humbird D., D21)a design of an ethanol distillation system was developed in Aspen Plus to
gether with commercial supplierBigure65). Applying an MVR heat pump with a COP of around

4 in this system would reduce the reboiler demand to approximately 35% of the original steam de
mand. It is also stated in the report that #deoiler demand in this case is high in order to recover

as much ethanol as possible and should also be noted that the demand in the Beer column is very
much dependent on the concentration of ethanol in the Beer (in this case the concentratien was ap
proximaely 5%).

Figure 65 Distillation system design according tqHumbird D., 2021).

There are many degrees of freedom when designing distillation columns and the further upgrading
of ethanol across the a#eope of ethanol and water (at-98% ethanol concentration). An MVR
with COP 3 is assumed to replace the steam demand of the reboilers.
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