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PREFACE

This project has been carried out within the collaborative research program Renewable transporta-
tion fuels and systems (Fornybara drivmedel och system), Project no. 46982-1. The project has
been financed by the Swedish Energy Agency and f3 — Swedish Knowledge Centre for Renewable
Transportation Fuels.

The Swedish Energy Agency is a government agency subordinate to the Ministry of Infrastructure.
The Swedish Energy Agency is leading the energy transition into a modern and sustainable, fossil
free welfare society and supports research on renewable energy sources, the energy system, and
future transportation fuels production and 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 centre partners and the region of Vastra Gotaland.
Chalmers Industriteknik functions as the host of the f3 organization
(seehttps://f3centre.se/en/about-f3/).

Additional funding has been received from Bio4Energy, a strategic research environment appointed
by the Swedish government.

This report should be cited as:

Wetterlund, E., et. al., (2020) Drop-in fuels from black liquor part streams — bridging the gap
between short- and long-term technology tracks. Report No FDOS 05:2020. Available at
https://f3centre.se/en/renewable-transportation-fuels-and-systems/
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SUMMARY

Reducing greenhouse gas (GHG) emissions in the transport sector requires both short and long-
term interventions. An important short-to-medium term intervention is the wider deployment of
drop-in biofuels that are functionally equivalent to fossil transport fuels and thus compatible with
today’s vehicle fleet and petroleum refining infrastructure. In Sweden, there is currently a great in-
terest in drop-in biofuels with good GHG performance, due to the introduction of the reduction ob-
ligation for petrol and diesel fuels in 2018.

We have evaluated different pathways that can be used to produce drop-in petrol and diesel blends
from part-streams of black liquor (BL), and, at the same time, debottleneck recovery boiler-limited
pulp mills. The focus has been on production of liquid drop-in biofuels that can be blended with
fossil fuels, with particular attention to petrol components. We evaluated five different technology
pathways based on two main routes:

1) Lignin separation from BL and lignin liquefaction, followed by hydrotreatment to petrol
and diesel, with hydrogen produced via either natural gas reforming (1a) or water electroly-
sis (1b),

2) BL gasification followed by methanol synthesis and MTG (methanol-to-gasoline) (2a). Ad-
dition of hydrogen from electrolysis to the generated syngas (2b) or of pyrolysis oil to the
gasifier (2c) were also considered, for increased production scale.

In addition, we studied the impact of mill energy profile on integrated energy balances and biofuel
production costs by examining three different pulp mill configurations as integration sites. The
mills had contrasting energy profiles, with one being a state-of-the-art market pulp mill with an en-
ergy surplus used to produce electricity, one an integrated pulp and paper mill reliant on energy im-
port for meeting the internal demand, and one a relatively energy-balanced market pulp mill.

Our results show that drop-in biofuels can be produced from BL part-streams with production costs
of around 80 EUR/MWh (ca. 7-8 SEK/I), thereby equalling or bettering the economic performance
of comparable forest residue-based fuels. The best performing pathways in the lignin separation-
hydrotreatment (1a) and BL gasification-catalytic synthesis (2a) routes were found to have similar
production costs. Both of those routes could thus constitute potentially attractive options for recov-
ery boiler-limited pulp mills looking to increase pulp capacity and broaden product portfolios
through comparatively modest investments. With cases 2b and 2c, we also wanted to test the
hypothesis that secondary feedstocks such as hydrogen and pyrolysis oil can improve the economic
performance of small-scale debottlenecking units based on BL gasification. This was, however, not
proven, and is highly sensitive to future developments in the price of pyrolysis oil and electricity,
as well as the capital cost of PEM electrolysers.

While the gasification-catalytic synthesis route has a higher current technology readiness level on
average, the gap is expected to shrink notably in the near future as key process steps in the separa-
tion-hydrotreatment route undergo planned demonstration in industrial conditions. However, our
lignin upgrading results are subject to large uncertainties, being based on lab testing of a reference
lignin in the absence of representative industrial data.
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Further, the use of natural gas as hydrogen source represents the cheaper option for lignin hydro-
treatment (1a), but is accompanied by GHG savings that are smaller relative to those for other path-
ways. This can be disadvantageous under the current Swedish quota obligation scheme for drop-in
biofuels that is designed to reward biofuels with high GHG emission reductions. At the same time,
the large capital cost of PEM electrolysers makes it unlikely that the renewable-hydrogen pathway
will be economically competitive in the near future, irrespective of future electricity price develop-
ments. Future availability of cheaper electrolysers and reliable experimental data on lignin hydro-
treatment are likely to impact the trade-off between fossil and renewable hydrogen in the medium
term.

Substantial synergies can be obtained by implementing the technologies investigated in this project.
The “dual service” that both lignin separation and gasification of a BL part stream offer gives a re-
duction in the overall investment cost if the pulp capacity increase is implemented together with the
biofuel production. In order to assess the value of increased recovery capacity, we estimated the al-
ternative investment cost that would be associated with a recovery boiler rebuild. This alternative
cost was subtracted from the total biofuel investment cost, as it corresponds to the alternative for
obtaining the same recovery capacity. This makes estimation of investments costs required in other
parts of the process, e.g. the pulp line, unnecessary.

If the synergy is allocated to the biofuel production, the production costs can be reduced by signifi-
cant amounts (up to 23%). If the synergy is instead allocated to the pulp production, pulp produc-
tion costs can be reduced by up to 64-82 EUR/ADt pulp, which corresponds to an increased gross
margin of 35-70% for the increased production volume, irrespective of biofuel production pathway.
This, however, requires that the alternative cost of rebuilding the existing recovery boiler for a ca-
pacity increase is at the higher end of the investigated alternatives.

From the pulp mill’s perspective, we want to highlight two main aspects that are critical to consider
in the choice between recovery boiler retrofit and BL-based biofuel production:

1) What would be the cost of the recovery boiler rebuild?

2) What is the current energy situation in the pulp mill?

The integration of biofuel production from BL part-streams results in significant impacts on the
mill’s energy balance, especially in the steam system. Mills that are currently operating with an en-
ergy surplus that is exported as electricity therefore have a significant advantage as integration
sites. Mills that operate their biomass or power boilers at or near capacity may have to invest in ex-
tra capacity to meet the increased demand from biofuel integration. Also other aspects of the mill’s
operation will be affected by the introduction of BL-based biofuel production. The lignin separa-
tion-hydrotreatment route is less suitable for pulp mills already restricted in the evaporation sec-
tion, while the gasification-catalytic synthesis route is less suitable for pulp mills already restricted
in the lime kiln.

The introduction of an additional process step (lignin separation or gasification) in the recovery cy-
cle naturally increases the risk of operational disruptions. However, the risk of impact on pulp pro-
duction is considered to be limited because there is a buffer capacity in the form of tanks for both
black liquor and green liquor. This allows the mill to continue the pulp production at full capacity
for a limited time, as long as the majority of the recovery, which is done in the recovery boiler, is in
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operation. In the event of longer operational disruptions in the new processes, the pulp production
will be affected. This, however, only applies to a part of the production, corresponding to the part
of the black liquor that goes to lignin separation or gasification.

The possibility to debottleneck the recovery boiler was highlighted as an important driver in a
workshop on the topic of drivers for and barriers against implementation of BL part stream-based
biofuel production. Conversely, barriers related to the industrial integration, e.g., the technical risk
of close integration of new technologies and the need to time the potential investment into an “in-
vestment window of opportunity” when the mill or refinery is shut down for maintenance, were
also highlighted.

Finally, it can be concluded that since the demand for forest residue-based drop-in alternatives that
can replace both petrol and diesel is expected to grow in the future, the complementary deployment
of lignin separation-hydrotreatment and BL gasification-catalytic synthesis can be a strategically
interesting option for achieving deep reductions in transport GHG emissions. In order to make this
happen though, challenges not only related to technology aspects, but also to lacking key actors
(and associated resources), unclear roles, and weak network structures, must also be overcome.
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SAMMANFATTNING

For att minska transportsektorns utsléapp av vaxthusgaser kravs bade kort- och langsiktiga insatser.
Pa kort- till medellang sikt ar det viktigt med drop-in-branslen som &r likvardiga med fossila driv-
medel och darmed kompatibla med dagens fordonsflotta och raffinaderiinfrastruktur. | Sverige ar
intresset for drop-in-branslen med god véaxthusgasprestanda stort, pa grund av reduktionsplikten for
bensin- och dieselbranslen som inférdes 2018.

| detta projekt har vi utvarderat olika teknikspar for biodrivmedelsproduktion fran svartlutsdel-
strommar, for att pa sa satt samtidigt kunna avlasta sodapannan i massabruk som &r begransade av
atervinningskapaciteten. Fokus har varit pa produktion av flytande drop-in-branslen som kan blan-
das med fossila drivmedel, i synnerhet bensinkomponenter. Vi utvarderade fem olika teknikspar
baserade pa tva huvudspar:

1) Separation och forvatskning av lignin fran svartlut, foljt av vatgasbehandling till bensin
och diesel, med vétgas producerat genom antingen naturgasreformering (1a) eller vatten-
elektrolys (1b),

2) Svartlutsforgasning foljt av metanolsyntes och bensinsyntes via MTG (methanol-to-
gasoline) (2a). Tillsats av vatgas fran elektrolys till syntesgasen (2b) eller av pyrolysolja till
forgasaren (2c) beaktades ocksa, for 6kad produktionsskala.

Vi studerade ocksa hur massabrukets energiprofil paverkar de integrerade energibalanserna och
produktionskostnaderna for biodrivmedel genom att inkludera tre olika massabruk. Bruken hade
olika energiprofiler, dér ett ar ett state-of-the-art avsalubruk med energitverskott som anvénds for
att producera el, ett &r ett integrerat massa- och pappersbruk som &r beroende av energiimport for
att mota det interna behovet, och ett ar ett relativt energibalanserat avsalubruk.

Vara resultat visar att svartlutsdelstrommar kan anvéandas for att producera drop-in-branslen med
produktionskostnader pa runt 80 EUR/MWh (cirka 7-8 kr/l), vilket &r likvardigt med eller till och
med battre &n den ekonomiska prestandan for jamforbara drivmedel fran skogsrester. De béast pre-
sterande tekniksparen for ligninseparationssparet (1a) och svartlutsférgasningssparet (2a) visade sig
ha liknande produktionskostnader. Bada sparen kan darmed utgora attraktiva alternativ for soda-
pannebegransade massabruk som bade vill 6ka sin massaproduktionskapacitet och bredda sin pro-
duktportfolj. Med fall 2b och 2c ville vi ocksa testa hypotesen att tillsats av en ytterligare insats-
ravara i form av vatgas eller pyrolysolja kan forbattra den ekonomiska prestandan for smaskaliga
svartlutsforgasare for sodapanneavlastning. Denna hypotes kunde dock inte bevisas, och resultaten
ar ocksa mycket kansliga for den framtida utvecklingen av pris pa pyrolysolja och el, samt kapital-
kostnaden for PEM-elektrolysorer.

Aven om férgasningssparet har i genomsnitt hogre teknikmognadsniva i dagslaget, forvantas klyf-
tan mellan tekniksparen krympa vasentligt inom en snar framtid i takt med att flera viktiga proces-
steg i ligninseparationssparet genomgar planerad demonstration under industriella férhallanden.
Vara resultat for ligninuppgraderingen ar emellertid osakra da de, i brist pa representativa industri-
ella data, baserats pa laboratorietester av ett referenslignin.

Det ar vidare betydligt billigare att anvénda naturgas (1a) an vattenelektrolys (1b) for framstallning
av vitgas for ligninuppgradering. Naturgassparet ger daremot inte lika betydande minskningar av
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vaxthusgasutslapp som de andra tekniksparen. Detta kan vara oférdelaktigt under det nuvarande
svenska kvotpliktssystemet for biodrivmedel, eftersom detta ar utformat for att premiera biodriv-
medel med hdg vaxthusgasprestanda. Samtidigt gor de hoga kapitalkostnaderna fér PEM-elektro-
lysorer det osannolikt att elektrolysspéaret kommer att kunna bli ekonomiskt konkurrenskraftig pa
kort sikt, oavsett framtida utveckling av elpriset. Pa langre sikt kan daremot kostnadsminskningar
for elektrolysorer och mer tillférlitliga experimentella data for véatgasbehandling av lignin komma
att paverka avvagningen mellan fossil och férnybar vatgas.

Genom att implementera de tekniker som undersokts i detta projekt kan betydande synergieffekter
uppnas. Den "dubbla tjanst” som bade ligninseparation och forgasning av en svartlutsdelstrom er-
bjuder ger en minskning av de totala investeringskostnaderna, om massaproduktionskapaciteten
Okas samtidigt som biodrivmedelsproduktion introduceras. For att kunna skatta vardet av utokad
atervinningskapacitet gjorde vi en uppskattning av den alternativa investeringskostnaden for en
ombyggnad av den existerande sodapannan. Denna alternativa kostnad subtraherades fran den to-
tala investeringskostnaden for biodrivmedelsproduktion, eftersom den motsvarar alternativet for att
erhalla samma atervinningskapacitet. Pa detta sétt blir det inte nddvéandigt att uppskatta erforderliga
investeringskostnader i andra delar av processen, t.ex. i fiberlinjen.

Om synergin allokeras till biodrivmedelsproduktionen kan produktionskostnaderna for drivmedel
minskas betydligt (upp till 23%). Om synergin istéllet allokeras till massaproduktionen, kan massa-
produktionskostnaderna séankas med upp till 64-82 EUR per ton massa (ADt), vilket motsvarar en
okad bruttomarginal pa 35-70% for den 6kade produktionsvolymen, oavsett teknikspar for biodriv-
medelsproduktionen. Detta kréver dock att alternativkostnaden fér ombyggnad av befintlig soda-
panna &r i den hogre danden av de undersokta alternativen.

Ur massabrukets perspektiv vill vi lyfta fram tre huvudaspekter som &r viktiga att beakta i valet
mellan sodapanneombyggnad och svartlutsbaserad biodrivmedelsproduktion:

1) Vad skulle ombyggnad av sodapannan kosta?

2) Vad ar den nuvarande energisituationen i massabruket?

Integrering av biodrivmedelsproduktion fran svartlutsdelstrommar far betydande paverkan pa bru-
kets energibalans, sarskilt for angsystemet. Bruk som for narvarande har ett energiéverskott som
exporteras som el har darfér en betydande fordel vad géller integrationsmdjligheter. Bruk som re-
dan nu driftar sin biomassapanna ndra kapacitetsgransen kan behdva investera i extra kapacitet for
att mota den dkade efterfragan fran biodrivmedelsproduktionen. Introduktionen av svartlutsbaserad
biodrivmedelsproduktion kommer ocksa paverka andra aspekter av brukets verksamhet. Lignin-
separationssparet ar mindre lampat for massabruk som redan ar begransade i indunstningen, medan
svartlutsférgasningssparet ar mindre lampat for bruk som redan &r begransade i mesaombranning-
en.

Inforandet av ytterligare ett processteg (ligninseparation eller forgasning) i atervinningscykeln ékar
naturligtvis statistiskt risken for driftstorningar. Risken for paverkan pa massaproduktionen anses
dock vara begréansad eftersom det finns en buffertkapacitet i form av tankar for bade svartlut och
gronlut. Detta tillater bruket att fortsatta massaproduktionen med full kapacitet under en begransad
tid, sa lange som huvuddelen av atervinningen, som gors i sodapannan, &r i drift. Vid langre drifts-
storningar i de nya processerna kommer massaproduktionen paverkas men det ar viktigt att papeka
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att detta bara galler en del av produktionen, motsvarande den del av svartluten som gar till lignin-
separation eller férgasning.

Majligheten att avlasta sodapannan framholls ocksa som en viktig drivkraft i en workshop relaterad
till drivkrafter for och hinder mot implementering av biodrivmedelsproduktion baserad pa
svartlutsdelstrémmar. Omvant framholls ocksa hinder relaterade till den industriella integreringen,
t.ex. tekniska risker forknippade med néra integrering av ny teknik, och behovet av att en méjlig
investering maste anpassas i tid till ett "investeringsfonster” i samband med att massabruket eller
raffinaderiet ar stangt for underhall.

Slutligen drar vi slutsatsen att eftersom efterfragan pa skogsrestsbaserade drop-in-alternativ som
ersattning for bade bensin och diesel forvéantas vaxa i framtiden, kan bade ligninseparations- och
svartlutsforgasningssparet utgora strategiskt intressanta alternativ for betydande minskningar av
transportsektorns vaxthusgasutslapp. For att detta ska hédnda krévs dock att inte bara tekniska ut-
maningar utan ocksa hinder i form av brist pa nyckelaktorer (och relaterade resurser), oklara roller
och svaga natverksstrukturer évervinns.
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NOMENCLATURE/ABBREVIATIONS

Abbreviation Definition

BL Black liquor

BLG Black liquor gasification

ESP Electrostatic precipitator

GHG Greenhouse gas

HHV Higher heating value

HVO Hydrogenated vegetable oil

IP Intermediate pressure (steam)
LHV Lower heating value

LLGO Light light gas oil

LP Low pressure (steam)

MeOH Methanol

MFSP Minimum fuel selling price
MP Medium pressure (steam)
MTG Methanol-to-gasoline

O&M Operation and maintenance
PEM Polymer electrolyte membrane (electrolysis)
PO Pyrolysis oil

RED Renewable energy directive
RTD Raw tall diesel

SKKP Smurfit Kappa Kraftliner Pitea
TCI Total capital investment

TIS Technological Innovation System
TRL Technology readiness level
VGO Vacuum gasoil
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1 INTRODUCTION

Reducing greenhouse gas (GHG) emissions in the transport sector requires both short and long-
term interventions [1]. An important short-to-medium term (ca 5-10 years) intervention is the wider
deployment of drop-in biofuels [2-5] that are functionally equivalent to fossil transport fuels and
thus compatible with today’s vehicle fleet and petroleum refining infrastructure [6,7]. In Sweden,
there is currently a great interest in drop-in biofuels with good GHG performance, due to the intro-
duction of the reduction obligation for petrol and diesel fuels in 2018 [8]. For diesel, there are al-
ready well-established alternatives with relatively high GHG mitigation potential, in particular
HVO from different waste feedstocks. For petrol, the alternatives are significantly fewer, as is evi-
dent in the initial reduction requirements (19.3% from diesel, compared to only 2.6% from petrol).

Efforts are currently underway to develop drop-in biofuels from lignocellulosic forest residue-
based feedstocks [9-12]. One such feedstock is kraft black liquor (BL), which is a lignin-rich by-
product of chemical pulping. A small fraction of BL in the form of crude tall oil is already used in
biofuel (HVO) production but the maximum potential of this faction is very limited [13]. Signifi-
cantly larger potential can be found in lignin, which is the largest component in BL, and which can
be upgraded to drop-in petrol and diesel blends by different pathways that can be classified into
two principle production routes.

In the (lignin) separation-hydrotreatment route, around one-fifth of the lignin in the BL produced
at a given mill is separated and dispatched to a petroleum refinery for hydrotreatment. Techno-eco-
nomic assessments grounded on knowledge from laboratory-scale tests have found the route to be
profitable over a wide range of plant sizes, but refinery-integrated processes were coarsely mod-
elled and data quality was adversely affected by low technology readiness [14-16].

Entrained-flow gasification of BL and the subsequent upgrading of syngas to biofuels constitutes
the (BL) gasification-catalytic synthesis route. BL can be co-gasified with similar forest residue-
based feedstock such as pyrolysis oil (PO) to increase the amount of biofuels that can be produced
from the fixed quantity of BL available at an individual mill [17]. A similar capacity increase can
be obtained by co-processing syngas with electrolysis hydrogen in a gasification-electricity hybrid
pathway [18-20]. Whether the increase in biofuels yield can also translate into better economic
performance has not been investigated for drop-in biofuels.

The economics of drop-in biofuels can be enhanced by co-locating and integrating production with
petroleum refineries, thereby providing valuable access to hydrogen [6,21]. The availability of
cheap, ideally renewable, hydrogen is a key challenge for future development of drop-in biofuels
from oxygen-rich lignocellulosic biomass feedstocks [21]. The lack of, and need for, representative
experimental data on the hydrogen consumption and hydrocarbon product yields of different drop-
in biomass-based feeds has been highlighted recently [22].

In chemical pulping, the lignin in BL is typically combusted in a recovery boiler, which at some
pulp and paper mills can be a bottleneck to capacity expansion. Redirecting some of the lignin to a
biofuel plant, based on either separation-hydrotreatment or gasification-catalytic synthesis, frees
capacity in the recovery boiler, which can be used to increase the production of pulp, assuming no
other capacity constraints are in effect. The increased pulping capacity can, in conjunction with the
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sale of produced biofuels, translate into significant additional revenue. It has been shown that rela-
tively small BL gasification units, which complement rather than replace recovery boilers, may po-
tentially also be economically competitive provided they are integrated with a pulp mill boasting a
large energy surplus [16]. Such units are associated with lower technical risk and smaller invest-
ment size, two factors that have been identified as barriers to commercial deployment [23]. Con-
cepts based on a stepwise change of existing processes and systems are also more likely to attract
investment capital than more large-scale adjustments, such as total replacement of the recovery
boiler [24].

1.1 PROJECT OBJECTIVES

The overall aim of the project is to evaluate and compare different biofuel production pathways
that can be used to produce drop-in petrol and diesel blends from part-streams of BL and thereby
debottleneck pulp production capacity at recovery boiler-limited pulp mills. Focus is on production
of liquid drop-in biofuels that can be blended with fossil fuels, with particular attention to petrol
components. Different technology pathways are evaluated based on the two main routes (lignin)
separation-hydrotreatment and BL gasification-catalytic synthesis, respectively. In addition, the
impact of mill energy profile on integrated energy balance and biofuel production cost is studied by
examining three different pulp mill configurations with contrasting energy profiles as integration
sites.

Specific objectives of this report are to:

1) Evaluate the five technology pathways and quantify their performance regarding econom-
ics, energy efficiency, greenhouse gas emission performance, and technology maturity
(TRL).

2) Evaluate the technical and economic effects for pulp mills, including the effects of changed
pulp production capacity and changed mass and energy balances, and develop a practical
basis for the pulp industry to estimate the value of increasing the pulp mill recovery capac-
ity through the implementation of pulp mill integrated biofuel production from black liquor
part-streams.

3) Provide an overview of general driving forces for and key barriers (technical, economic,
organizational, etc.) to actual implementation of the studied technology pathways, which
includes and builds on relevant industrial players’ perceptions of different drivers and bar-
riers.

1.2 REPORT OUTLINE

This report is divided into three main chapters — one per objective. Each chapter contains a descrip-
tion of methods and data used, a summary of the results related to the specific objective, and a brief
summary of the main take-aways. Overall conclusions and recommendations are given in the re-
port’s final chapter.
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1.3 DROP-IN BIOFUEL PATHWAYS

Two of the studied pathways belong to the separation-hydrotreatment route. These are designed to
investigate enviro-economic trade-offs between the use of renewable and fossil hydrogen in refin-
ery-integrated co-processing of fossil and biomass-based feeds. Three pathways belong to the gasi-
fication-catalytic synthesis route. These are chosen in order to test the hypothesis that supplement-
ing BL with secondary feedstocks such as PO and hydrogen can improve the economic case for re-
covery boiler debottlenecking plants.

Table 1 lists the pathways evaluated in this study, classified by production route. Each pathway can
be broken down into two stages. In the first stage, a part-stream of BL from the pulp mill is up-
graded to an intermediate product: stabilised methanol in the gasification-catalytic synthesis route,
and a stabilised lignin mixture in the separation-hydrotreatment route. In the second stage, the in-
termediate product is upgraded to transport fuel blends at the petroleum refinery. The pathways are
described in more detail in Appendix A.

Table 1. Examined biofuel pathways.

Pathway Feedstock(s) Production Route Product(s)
1a? Lignin Black liquor (lignin) Separation-Hydrotreatment Petrol & Diesel
1bb  Lignin+electrolysis  Black liquor (lignin) Separation-Hydrotreatment Petrol & Diesel
2a° LR S el Black liquor Gasification-Catalytic Synthesis  Petrol & LPG

gasification (BLG)
2bd  BLG+electrolysis Electricity (hydrogen) & black liquor ~ Gasification-Catalytic Synthesis  Petrol & LPG

2ce  BLG+pyrolysis oil Pyrolysis oil & black liquor Gasification-Catalytic Synthesis  Petrol & LPG

@ Lignin extracted from kraft BL by membrane separation is stabilized, purified and sent to an oil refinery for hydro-
treatment and upgrading to petrol and diesel blendstock.

b ldentical to 1a except that the hydrogen used for hydrotreatment is produced by water (PEM) electrolysis.

¢ Syngas from entrained-flow gasification of kraft BL is upgraded to drop-in petrol via the MTG (methanol-to-gaso-
line) process at a petroleum refinery.

4 Syngas from entrained-flow gasification of kraft BL is mixed with hydrogen from water (PEM) electrolysis and up-
graded first to methanol and then to petrol.

¢ Avariant of 2a that uses blends of kraft BL and imported PO as feedstock.
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2 BIOFUEL PRODUCTION PERFORMANCE EVALUATION

This chapter relates to the following project objective:

1. Evaluate the five technology pathways and quantify their performance regarding econom-
ics, energy efficiency, greenhouse gas emission performance, and technology maturity
(TRL).

2.1 METHODS AND DATA

The text presented here is a condensed version of the methodology described in [25].

2.1.1 Study design

Three pulp mill configurations with different production capacities and energy requirements were
used as integration sites for production of biofuel intermediates (see Appendix B). Model Mill is a
simulation model representing a state-of-the-art market pulp mill with an energy surplus. SKKP
(Smurfit Kappa Kraftliner Pited) is a Swedish integrated pulp and paper mill reliant on energy im-
port for meeting the internal demand. Sodra (Sodra Cell M6érrum) is a Swedish market pulp mill
that is able to meet its own energy needs without fuel import but does not generate a noteworthy
energy surplus.

The final upgrading to transport biofuels is co-located and integrated with a refinery modelled on
Preem Oil Refinery, Lysekil, where petrol, diesel, LPG and various grades of fuel oil are produced.
The Lysekil refinery has a crude oil refining capacity of 11.4 Mt per year with a gross energy de-
mand in excess of 400 MW, which is supplied by internally produced energy gases and externally
purchased natural gas. The hydrogen supplied for process use in the refinery is principally pro-
duced by steam reforming of natural gas.

We applied a scenario in which the pulping capacity is increased by 18.5% at each mill. This was
achieved by directing 18.5% of the BL dry solids flow to the biofuel plant, while keeping the ther-
mal load on the recovery boiler the same as under normal operation. The amount of energy ex-
tracted from the recovery boiler for use as input to biofuel production was therefore the same for all
pathways at a given mill. However, the presence of secondary feedstocks meant that both 2b (elec-
tricity) and 2c (PO) had a higher total feedstock input than 2a. Table 2 summarises the feedstock
inputs for the studied pathways.
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Table 2. Feedstock inputs to biofuel production units for each mill.

Units Model Mill SKKP Sédra
Recovery boiler capacity tons dry solids BL/d 3760 2000 2700
BL to biofuel plant 2 tons dry solids/d 695 370 500
BL to biofuel plant ® MW HHV dry basis 103.7 56.3 70.8
Lignin in BL to biofuel plant © tons dry solids/d 348 189 238
Lignin in BL to biofuel plant d MW HHV dry basis 103.7 56.3 70.8
PO to biofuel plant © tons dry solids/d 160 92.7 115
PO to biofuel plant f MW HHV dry basis 43.1 24.9 30.8
Hydrogen to biofuel plant MW HHV 58.4 24.5 37.3

Applicable to gasification pathways (2a, 2b, 2c). Equals 18.5% of the BL input to the recovery boiler at each mill.
HHV:s (d.b.) for BLs from Stdra, SKKP and Ref Mill are 12.2 MJ/kg, 13.1 MJ/kg and 12.9 MJ/kg, respectively.
Application to lignin pathways (1a, 1b).

HHYV (d.b.) for lignin is 27.8 MJ/kg [26].

The fraction of PO in the PO/BL blend evaluated in 2c was set at 20 wt.%, as this is the highest fraction that has been
verified in pilot-scale gasification experiments [27].

f Based on aPO HHV (d.b.) of 23.2 MJ/kg [28].

® o o T ®

2.1.2 Process modelling

Integrated material and energy balance models were produced for each pathway using best availa-
ble data supplemented by expert input. This section describes the central modelling choices and as-
sumptions, with details given in [25].

The separation-hydrotreatment route

The material and energy balances for the separation-hydrotreatment route were based on data pro-
vided by SunCarbon AB and Preem AB, respectively. The weak BL fed to the membrane separa-
tion was taken from the evaporator train after the removal of fatty acids and extractives. Based on
results from pilot-scale membrane separation experiments, the retentate stream was modelled as
containing 80% of the lignin and 100% of the non-lignin organic compounds in the weak BL feed.
Heat treatment, purification and stabilization of the retentate stream was carried out using IP (inter-
mediate pressure) and LP (low pressure) steam. Lignin was delivered to the refinery in a 50/50 lig-
nin/VGO mixture, which was further diluted with VGO to reduce the oxygen content for pro-
cessing in the two-step iso-cracker.

Lignin hydrotreatment was modelled on data from lab-scale tests of a reference lignin, which, un-
fortunately, came from a different source than the lignin used for modelling the separation stage
and using other carriers (LLGO, light light gas oil, and RTD, raw tall diesel). The hydrogen con-
sumption and yields from lignin were calculated through a subtraction approach. The yield struc-
ture for the hydrocracking of the heavy ends from the lignin hydrodeoxygenation was based on
VGO vyield structure, as hydrocracking data for lignin was not available. Potential shifts in fossil
product distributions as a consequence of co-processing were ignored.

This convoluted approach reflects the present deficiency of knowledge on lignin co-processing and
hydrotreatment in industrially relevant conditions (see Section 2.2.2 for further discussion). Results
are therefore subject to large uncertainties and should be interpreted with caution.
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The gasification-catalytic synthesis route

The gasification-catalytic synthesis route was based on the BLG technology developed by Chemrec
AB [29]. Energy and mass balance data was generated by modelling using SIMGAS (a MATLAB-
based tool for thermodynamic equilibrium calculations) [30,31] and Aspen Plus™ 8.4. The mod-
elled process consists of an oxygen-blown entrained-flow reactor pressurized at 30 bar, followed by
a water-gas-shift reactor, acid gas removal (amine wash), methanol synthesis, and partial distilla-
tion (“stabilization”). The yield structure for MTG products was taken from [32] who, in turn, ba-
sed their work on [33,34]. Hydrogen (pathway 2b) was produced by PEM electrolysis of water with
an electricity-to-product efficiency of 80% on a HHV basis [35]. The oxygen produced as a by-
product of electrolysis was sent to the gasifier.

Material and energy integration with pulp mill and refinery

In lignin separation-hydrotreatment, the inorganic constituents of the permeate stream and the
hemicelluloses in the lean BL were returned to the mill evaporation unit. The sulphuric acid con-
taining wash water stream from the lignin purification unit was sent to the mill and mixed with lean
BL. The resulting increase in the amount of sulphur in the mill recovery cycle was mitigated by in-
creasing the purge rate of electrostatic precipitator (ESP) ash from the recovery boiler. Additional
sodium hydroxide was added to the recovery cycle to make up for the resulting loss of sodium that
left together with sulphur. Other points of integration included the supply of IP and LP steam, and
the combustion of sulphur-rich gases released in the lignin separation step.

In gasification-catalytic synthesis, the hydrogen sulphide separated in the amine wash was returned
to the recovery boiler to avoid affecting the overall mill chemical balance. Purge gas from metha-
nol synthesis was fired in the mill lime kiln. Electricity was imported from the mill. LP and IP
steam were exported from the biofuel units to the mill.

Material and enerqy integration with petroleum refinery

All of the purge gas and 25% of the heat recovered from the MTG reactors were assumed to re-
place an equivalent amount of energy from natural gas. The hydrogen used for the hydrotreatment
of lignin was produced at the refinery by steam reforming of natural gas in 1a, and by PEM elec-
trolysis 1b. Heat and fuel gases from lignin hydrotreatment replaced the natural gas used for steam
generation at the refinery in a ratio of 1:1 on an energy basis. The final upgrading of biofuel blend
components was carried out at the refinery.

2.1.3 Energy efficiency assessment

Two different measures of efficiency were used to quantify energy performance, as illustrated in
Figure 1.
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Figure 1. Simplified schematic of system boundaries and cross-boundary flows in (i) lignin separation
and hydrotreatment (top), (ii) gasification-catalytic synthesis (bottom) routes. The biofuel production
process is delineated by dotted lines. The pulp mill and petroleum refinery are delineated by dashed
and solid lines, respectively. Streams labelled in bold are used for calculating system efficiency.
Streams labelled in italics are used to calculate expanded system efficiency. See text for definitions.

A system efficiency nsystem that considers all primary energy inputs to biofuel production units is
defined in Eq. 1, where Eprimary-inputs COrresponds to the energetic value of all primary energy inputs.

TNsystem = EProduct/ EPrimary—Inputs (Eq 1)

The system boundary in eq. 1 is drawn around the biofuel production process only, as shown in
Figure 1. To account for the changes in the overall energy balance of the mill and the refinery re-
sulting from the integration of biofuel production, an expanded system efficiency nsystem-exp iS de-
fined in eq. 2 where Ejntegrated-Energy-inputs 1S the net energetic value of integrated energy inputs/
products.

Nsystem-exp = EProduct/ EIntegrated—Energy—Inputs (Eq 2)
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The primary energy inputs and integrated energy inputs/products used for efficiency calculations
are listed in Table 3. As per the definition of nsystem-exp the feedstock for both lignin and gasification
pathways is not BL or BL lignin, but the net change in mill biomass and electricity balance. Simi-
larly, in addition to biofuel products, the net change in refinery natural gas balance constitutes a
secondary product. Note that the natural gas reformer supplying hydrogen in 1a is outside the ex-
panded system boundary, while the electrolyser used for hydrogen production in 1b is within.

Table 3. Inputs and outputs for efficiency calculations.

. Products
Primary Energy Inputs Integrated Energy Inputs/Products In ]
[nsystem] [nsystem-exp] S

[Nsystem-exp]
1a Lignin in weak black liquor @, Hydrogen; n.et change in: mill biomass balance, mill electricity Petrol, diesel
hydrogen balance, refinery natural gas balance
Lignin in weak black liquor @,  Electricity (for hydrogen); net change in: mill biomass balance, .
1b .. . . . Petrol, diesel
electricity (hydrogen) mill electricity balance, refinery natural gas balance
22 BL electricity (utilities) ® NeF change in: mill biomass balance, mill electricity balance, Petrol, LPG
refinery natural gas balance
2b  BL electricity, hydrogen b Netc change in: mill biomass balance, mill electricity balance, Petrol, LPG
refinery natural gas balance
¢ BL, PO, electricity Pyrolysis oil; net change in: mill biomass balance, mill electricity Petrol, LPG

balance, refinery natural gas balance
@ Calculated as the difference in lignin content between weak black liquor and lignin-deficient liquor
b The relatively small quantities of electricity and hydrogen used in the MTG unit are ignored.

2.1.4 Economic evaluation

We evaluated the economic performance by calculating a minimum fuel selling price (MFSP) us-
ing the discounted cash flow rate of return method. The total capital investment (TCI) estimate for
each pathway was in large part based on commercial nth-plant (mature technology) cost estimates
at different levels of granularity, and scaled to the relevant size. The cost composition and scaling
exponents of individual process units can be found in the Supplementary Material to [25]. The
PEM electrolyser installed investment cost was set at 1500 EUR/kW: in line with the findings of a
comprehensive recent cost review [36]. The contingency for cost escalation was fixed at 30% of
fixed capital investment. To reflect arrangements likely applied in practice and to achieve better
economies-of-scale, MTG units were sized to provide five times the capacity of the mill biofuel
units. A similar arrangement was employed for the hydrotreatment unit in the lignin pathways,
which was sized to treat 761 tons of liquefied lignin per day corresponding to two or three pulp mill
equivalents, depending on the mill.

TCI was annualized using a capital recovery factor of 0.102, which was calculated assuming a real
discount rate of 8% over a plant lifetime of 20 years. O&M expenditure was fixed at 4% of TCI in-
clusive contingency. A plant availability factor of 90% was used to calculate annual biofuel pro-
duction. As nth-plant technology has been assumed, an availability factor consummate with that of
a recovery boiler was deemed appropriate. The prices of energy carriers and other materials that
fall under operating expenditure (OPEX) are given in Table 4. Gasifier oxygen was assumed to be
imported except in 2b, where the majority of the demand was met by oxygen from the electrolyser.
It was assumed, optimistically, that the replacement of the PEM stack due to performance degrada-
tion is carried out once over the economic lifetime of the electrolyser, with the cost set at 60% of
installed equipment cost and included in OPEX [35].
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Table 4. Energy and material prices.

Bark [EUR/MWHh] 14.6 Average price for Swedish forest industry by-products
in 2017.
Forestry Residue [EUR/MWh] 19.1 Average Swedish price in 2017. Transport costs are in-

cluded. Excludes taxes. Woodchips from both conifer-
ous and deciduous harvesting residues.

Electricity - Imported [EUR/MWh] 33.5 Electricity price for industrial customers. Includes pro-
duction cost, network cost and electricity tax but not
VAT. Excludes the cost of electricity certificates
(7 EUR/MWh). [37]

Electricity - Exported [EUR/MWh] 31.8 Average sport price for south-central Sweden in 2017.
Does not include electricity certificate, energy tax,
VAT, network cost or markup. [38]

Oxygen [EUR/kg] 0.07 Taken from Andersson et al. [39]
Carbon dioxide [EUR/kg] 0.10 RISE in -house estimate

Sodium Hydroxide [EUR/kg] 0.50 RISE in -house estimate

Sulfuric Acid [EUR/kg] 0.10 RISE in -house estimate

Solid Waste (ESP ash disposal) [EUR/kg] 0.10 RISE in -house estimate

Additive (Lignin Product) [EUR/kg] 6.00 SunCarbon AB in-house estimate
Zinc Oxide [EUR/kg] 2.5 Average spot price for zinc in 2017.

Catalyst (Syngas Upgrading) [EUR/kg methanol] 0.0011 Taken from Jafri et al. [16]

Pyrolyis Oil [EUR/MWh] 76.0 Average of the low scenario and high scenario in
"Building up the future - Cost of Biofuel” by Maniatis
et al. [40]

Natural Gas [EUR/MWHh] 45.3 Average price for Swedish class 15 customers in July-

December 2018. Includes the cost of natural gas, net,
tax (after reduction for repayment of energy and car-
bon tax). Excludes general sales tax.

Hydrogen [EUR/MWHh] 54.3 Calculated as 3.564 times the price of natural gas pro-
duced using steam-methane reforming, on a mass ba-
sis. The multiple represents the average of a low and a
high estimate in a previous study [16]. For steam re-
forming with PSA, efficiency 75-80%. IRR = 10%

Diesel Gross Margin [EUR/MWh] 0.135 Average margin in 2016 [41]

Petrol Gross Margin [EUR/MWHh] 0.201 Average margin in 2016 [41]

2.1.5 GHG footprint assessment

GHG footprints were estimated using a simplified approach based on the Renewable Energy
Directive (RED) guidelines [42]. Since RED prohibits the allocation of GHG emissions to heat
even when used a co-product, such as in the case of natural gas replacement at the refinery, GHG
footprints were also calculated using the principle of system expansion. The allocation of emissions
on the basis of system expansion is advocated in ISO 14044 to account for the benefits associated
with the replacement of fossil products and services [43]. To quantify such benefits, an alternative
estimation of GHG footprints was also carried out, which assumed that the heat released from the
hydrotreatment of lignin and from the upgrading of methanol to petrol can substitute for natural gas
at the refinery on a 1:1 basis. The emission factors used as inputs are listed in Table 5.
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Table 5. Emission factors used as inputs to GHG footprint estimations.

GHG footprint
|
nput [8CO; eq/MJ LHV] Comments [Source]
Forest 29 Emissions associated with “typical” technology and transport distance. 1a (lignin)
residues ’ and 1b (lignin+electrolysis) only [44].

Emissions associated with steam methane reforming of natural gas (75g CO,
Hydrogen 87.3 eq/MJ, [45]) and natural gas supply (12.3 CO, eq/MJ, estimate) 1a
(lignin+electrolysis) and 2b (BLG+electrolysis) only.
Swedish electricity mix in accordance with Swedish Energy Agency recommen-

ety e dation. All pathways [46].

Naturalgas  67.0 LCA emissions in combustion applications [47].
Petrol 93.5 Used as fossil petrol reference [48].
Diesel 95.5 Used as fossil diesel reference [48].

2.1.6 Technology maturity evaluation

The technology maturity of the examined pathways on the technology readiness level (TRL) scale
using two different approaches with contrasting but complementary perspectives: (a) the weighted
average approach, and (b) the weakest link approach. Process configurations were broken down
into smaller steps. Each step was assigned a weighting based on importance and complexity and a
TRL used based on the definitions provided by the European Commission [49] and the US Depart-
ment of Energy [50]. In the weighted average approach, the weighted scores of all steps were added
up to calculate the overall score. In the weakest link approach, the lowest score for a step with a
weighting > 0.2 was used as the overall score. The approaches have been discussed in greater detail
in a previous study [16].

2.2 TECHNO-ECONOMIC PERFORMANCE

The text presented here is an condensed version of the results from [25].

2.2.1 Energy efficiency

Table 6 shows the resulting energy balances from the modelled biofuel production, with detailed
integrated balances given in Appendix C. All pathways integrated with a given mill use the same
quantity of BL or BL lignin, which amounts to 104 MW, 71 MW and 56 MW for Model Mill,
Sodra and SKKP, respectively (see Table 2 for equivalent mass flows)

Diesel products, with nearly negligible amounts of petrol, dominate the final products from the lig-
nin separation pathways (1a, 1b). The total consumption of hydrogen equals 0.148 kg per kg of bio-
fuel product, which is significantly more than the expected theoretical consumption if hydrotreat-
ment is assumed to be limited to hydrogenolytic depolymerisation and hydrodeoxygenation only.
The excess can be explained by the noteworthy quantities of fuel gases that are also produced ac-
cording to the experimental data used to assess the process performance. These gases were as-
sumed to be combusted to furnish the refinery with renewable heat. As described in Section 2.1.2,
the yield structure for lignin hydrotreatment was assembled from data embedded with large uncer-
tainties. Experiments in industrial conditions with more representative lignin blends are planned,
which may return a different product distribution.
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In contrast, the dominant product in the BL gasification pathways (2a, 2b, 2c) is petrol with LPG as
a secondary co-product. The use of electrolysis hydrogen (2b) or a 20 wt.% PO/BL blend (2c) as
supplementary feedstock leads to an increase in biofuel yield by 75% and 56%, respectively.

The steam balance shows that the lignin separation route is a net importer of steam from the mill.
Steam is consumed during several process steps co-located at the mill such as heat treatment, puri-
fication and stabilization. As there are no significant temperature gradients, the potential for heat
recovery for steam generation is limited. Conversely, the biofuel production units in the BL gasifi-
cation route generate a steam surplus since significant quantities of heat can be recovered during
methanol synthesis and the initial cooling of syngas after the gasification reactor.

Table 6. Energy balance for biofuel production units. Integration effects on overall mill and refinery
energy balances are excluded.

Model Mill Sodra SKKP
Pathway la 1b 2a 2b 2c 1a 1b 2a 2b 2c 1la 1b 2a 2b 2
Inputs
Biofuel Feedstock
Black liquor MW, HHV 104 104 104 71 71 71 56 56 56
Black liquor lignin MW HHV 104 104 71 71 56 56
Pyrolysis oil MW, HHV 43 31 25
Electricity (hydrogen) MW, 58 37 24
Others
Electricity (process)? MW, 106 3.8 54 538 72 25 35 39 57 2.0 26 3.2
Hydrogen (process) MW, HHV 84 58 46
LP Steam b MW/, 53 53 36 36 29 29
IP Steam ® MWih 4.4 4.4 3.0 3.0 24 24
Outputs
Biofuel Products
Petrol MWwnHHY 14 14 43 75 67 1.0 1.0 28 48 45 08 08 22 35 36
Diesel MWy HHV 84 84 58 58 46 46
LPG MW, HHV 50 87 78 3.2 56 5.2 26 4.1 4.2
Others
Fuel gases ¢ MW HHV 70 70 48 48 38 38
MeOH purge ¢ MWi, HHV 36 41 53 23 2.7 3.6 1.9 21 29
MTG purge ¢ MW, HHV 08 14 13 0.5 09 0.9 04 0.7 0.7
Heatc MW 32 32 29 50 45 22 22 18 32 3.0 17 17 15 24 24
LP Steam b MW/, 3.5 9.0 25 28 6.2 21 40 6.1 3.5
IP Steam ® MWih 29 50 4.9 1.8 94 3.2 1.7 69 3.0

@ Includes electricity for hydrogen production by water electrolysis in 1b.

b LP and IP steam are exchanged at 3.5-4 bar(g) and 25-28 bar(g) depending on mill. There is a small misalignment
(0.5-2 bar) between biofuel plant and mill steam levels, which would be fully harmonized in a physical plant.

¢ From lignin hydrotreatment, used to replace natural gas at the refinery.

4 To lime kiln.
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Figure 2 shows the resulting energy efficiencies. Detailed energy balance models can be found in
the Supplementary Material of [25]

System efficiencies vary between 45% and 50%, which indicates that the energy performance of
lignin separation-based and BL gasification-based pathways is relatively similar when evaluated on
the basis of primary energy inputs. The incremental efficiency of biofuel production from the sec-
ondary feedstocks is 61% for BLG+electrolysis (2b) and BLG+pyrolysis oil (2c), which shows that
secondary feedstocks can be converted to biofuels more efficiently than pure BL when taking into
account only primary inputs to the biofuel production process.
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Figure 2. System (primary energy inputs) and expanded system (overall mill and refinery balance) effi-
ciencies for all pathways.

A somewhat different picture emerges when integration effects at the mill and refinery are also
taken into consideration. Expanded system efficiencies are 99-256%, 51-68%, and 51-68% for
Model Mill, Sédra and SKKP, respectively. The efficiencies of the lignin (1a), lignin+electrolysis
(1b) and BLG (2a) pathways exceed 100% when integrated with Model Mill. The main reason be-
hind this non-intuitive result is that relatively inefficient electricity generation from BL is substi-
tuted with more efficient biofuel production. As described in Section 2.1.3, in the expanded system
the feedstock is not BL but net change in electricity and biomass. These pathways therefore offer a
more energy efficient means of using the energy surplus at the Model Mill.

The lignin pathway (1a) shows the highest efficiency. The only expanded energy input besides hy-
drogen is the reduction in the electricity surplus at the mill. In the lignin+electrolysis (1b) pathway,
the electrolyser used for the production of hydrogen is included within the system boundary and the
loss of energy during conversion is visible in the energy performance. Both lignin pathways, and to
a lesser extent, the gasification pathways, benefit from the assumption that energy gases and the
heat released during hydrotreatment of lignin and upgrading of methanol can substitute for fossil-
derived energy at the refinery.

The BLG pathway (2a) also offers an efficient route for converting the pulp mill energy surplus
into biofuels. It is a net exporter of steam to the mill and, unlike the lignin separation pathways; the
only integrated input is reduction in mill electricity export. Energy losses in the process chain mean
that the energy performance is similar to that of lignin+electrolysis (1b) and somewhat below that
of lignin (1a). The use of a secondary feedstock together with BL (2b, 2¢) does not lead to an in-
crease in efficiency when integration effects are taken into account.

FDOS 05:2020



The expanded system performance of the mills that do not benefit from an energy surplus (Sodra,
SKKP), is significantly lower than that of the Model Mill. The higher steam demand of the lignin
pathways relative to that of the gasification pathways means a reduced performance when inte-
grated with mills that have a negative (SKKP) or near-zero (Sédra) energy surplus.

2.2.2 Technology maturity

Technology readiness scores are collated in Figure 3, with scores and weights for the individual
steps in each of the studied pathways given in the supplementary material of [25].

The TRL of the gasification-based pathways is notably higher than that of the lignin separation-
based pathways, under both the weighted average approach and the weakest link approach. All pro-
cess steps in the gasification-based pathway 2a have been demonstrated in pilot scale leading to a
TRL of 7 [27,29,51]. The variants with PO co-gasification (2c) and hydrogen addition (2b) have a
slightly lower TRL.

The most important individual steps in the lignin separation-based pathways have TRLs of 4-6. The
weakest links from a TRL perspective are the formation of a pure, stable intermediate VGO/lignin
mixture from the separated lignin, and the deoxygenation and cracking of this intermediate mix-
ture. A TRL of 4 is assigned to both these steps, corresponding to lab scale validation, but it should
be noted that work is currently in progress to validate both steps in pilot scale.

mWeighted Average mWeakest link

Technologyreadinesslevel (TRL)

o = N W B~ 00 00 N O O

1a 1b 2a 2b 2c

Figure 3. Technology readiness of examined pathways.

2.2.3 Economic performance

Capital costs per MW;, of biofuels yield are shown in Figure 4. The small differences in specific
CAPEX between different mills are attributable to economies-of-scale. The lignin pathway (1a) has
the lowest specific CAPEX, followed by BLG+pyrolysis oil (2¢) and BLG (2a). With the electro-
lyser unit as the dominant cost component, lignin+electrolysis (1b) has the highest specific
CAPEX, more than twice that of 1a. The electrolyser also constitutes a significant cost factor in
BLG+electrolysis (2b), although the difference relative to 2a is not as large as that between the two
lignin pathways. It is conceivable that projected decreases in PEM electrolysis cost as the technol-
ogy grows in maturity could lower the gap further.
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Figure 4. Capital expenditure per MW of biofuel product (specific CAPEX).

Biofuel productison cost breakdowns and MFSPs for examined pathways are shown in Figure 5 for
each of the three mill cases. Resulting MFSPs are 77-130 EUR/MWh for Model Mill, 91-

150 EUR/MWh for Sodra, and 100-150 EUR/MWHh for SKKP, respectively. The MFSPs for the
best cases are better than or comparable to the reported production costs for most drop-in alterna-
tives from similar forest residue-based feedstocks, which range from 50 to 120 EUR/MWh for fast
pyrolysis-based options, and 100 to 140 EUR/MWh for Fischer-Tropsch fuels [40]. The costs can
also be compared to current drop-in biofuels on the market, for which production costs range from
ca 65 EUR/MWh for palm oil/PFAD-based HVO, to over 100 EUR/MWh for tall oil-based HVO
[52]. The import of biomass and electricity as a result of increased energy demand has a notably
adverse impact on the economic performance of Sédra and, particularly, of SKKP. The net cost of
increased energy demand is significantly lower for Model Mill as a consequence of its energy sur-
plus.

A comparison of examined pathways shows that 1a and 2a have the lowest total production costs in
all mill cases. This indicates that both the gasification-catalytic synthesis route and the separation-
hydrotreatment route can be used to produce biofuels from BL part-streams at comparable costs. 1b
has the highest production costs, which is largely down to the high specific CAPEX of PEM elec-
trolysis. The contrasting economic performance of the two lignin pathways (1a) and (1b) reflects
the cost difference between fossil and renewable alternatives for lignin hydrotreatment.

The results appear to negate the hypothesis that the economic case for gasification-based biofuels
from BL part-streams can be improved through the use of PO and hydrogen as secondary feed-
stocks. The specific CAPEX for 2c is lower than that for the other gasification-based alternatives
but the costs associated with the purchase of PO, which is priced at 76 EUR/MWh, exceed the eco-
nomic gain from increased biofuel yields. The economic viability of 2c is therefore dependent to a
significant extent on the market price of PO. Similarly, the economic performance of 2b is mark-
edly influenced by electrolyser investment cost with the cost difference compared to BLG (2a) be-
ing 4-18 EUR/MWHh. A reduction in electrolysis cost by a third could put 2b on an equal footing
with the best performing alternatives (1a, 2a).
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Figure 5. Breakdown of biofuel production costs for examined pathways and mills. Lignin upgrading
chemicals are carbon dioxide, sulphuric acid and stabilization additive. Mill makeup covers additional
sodium hydroxide and ESP ash disposal costs. The savings from the replacement of natural gas with
energy gases are included as a negative cost. Costs associated with methanol synthesis catalyst renewa-
ble, zinc oxide replacement and fossil production are aggregated under the label “Others”. A cost of
100 EUR/MWh corresponds to 9.5 SEK/I diesel and 8.6 SEK/I petrol.

2.2.4 GHG footprint

Results for the GHG footprint evaluation are given in Figure 6. Under the RED method, GHG
emissions for the pathways range between 29 g CO-eg/MJ for lignin (1a) and -33 g CO2-eq/MJ for
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lignin+electrolysis (1b), with the gasification pathways falling in the middle. These numbers trans-
late into GHG emission savings of 69-135% compared to fossil-based petrol and diesel references
of 93.5 and 95.5 g CO2-eq/MJ, respectively.
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Figure 6. GHG footprint estimates for examined biofuel pathways derived using RED methodology
(left) and an alternative approach based on system expansion (right). A Swedish electricity mix is as-
sumed. Results shown are for Model Mill.

It is evident from the results that the fossil hydrogen used for lignin hydrotreatment in 1a is by far
the largest source of GHG emissions across all pathways. The recently adopted RED I requires
new-built plants to deliver GHG savings of 65%. Without the significant mitigating effect of the
energy gases replacing natural gas at the refinery, 1a falls short of the savings requirement. Energy
gases are a product of lignin hydrotreatment, which has a highly uncertain yield structure based on
current knowledge, as discussed previously. A shift in the product distribution towards petrol at the
expense of energy gases could put 1a at the risk of failing to meet the RED |1 target, particularly if
the hydrogen consumption remains unchanged. However, better experimental data is needed before
a more definitive assessment can be attempted.

It can also be seen that the GHG footprint for 1a is significantly smaller when emissions are esti-
mated using the principle of system expansion, which permits the crediting of emission savings as-
sociated with the replacement of natural gas with heat from lignin hydrotreatment. A comparison of
1a with 1b, which has net negative GHG emissions clearly demonstrates the extent of the reduction
that can be achieved by switching to electrolysis hydrogen. Finally, all of the gasification-based
pathways are able to satisfy the savings requirements in RED as the expanded system feedstocks,
biomass and Swedish electricity, both have low GHG footprints.

2.3 SUMMARY OF TECHNO-ECONOMIC PERFORMANCE

The results of the economic evaluation show that black liquor part-streams can be used to produce
drop-in biofuels with production costs ~80 EUR2017/MWh, thereby equalling or bettering the eco-
nomic performance of comparable forest residue-based fuels [40]. The best performing pathways in
the (lignin) separation-hydrotreatment and (black liquor) gasification-catalytic synthesis routes
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were found to have broadly similar production costs. Both routes are therefore potentially attractive
options for recovery boiler-limited pulp mills looking to increase pulp capacity and broaden prod-
uct portfolios through comparatively modest investments. The gasification-catalytic synthesis route
has a higher technology readiness level on average, but the gap is expected to shrink notably in the
near future as key process steps in the separation-hydrotreatment route undergo planned demonstra-
tion in industrial conditions. However, our lignin upgrading results are subject to large uncertain-
ties, being based on lab testing of a reference lignin in the absence of representative industrial data.

The use of natural gas as hydrogen source represents the cheaper option (1a) for lignin hydrotreat-
ment by some margin, but is accompanied by GHG savings that are smaller relative to those for
other pathways. This can be disadvantageous under the current Swedish quota obligation scheme
for drop-in biofuels that is designed to reward biofuels with high GHG emission reductions. At the
same time, the large capital cost of proton exchange membrane electrolysers makes it unlikely that
the renewable-hydrogen pathway (1b) will be economically competitive in the near future. The use
of alkaline electrolysers represents a potential option for cost reduction that has not been investi-
gated in this study. Future availability of cheaper electrolysers and reliable experimental data on
lignin hydrotreatment are likely to impact the trade-off between fossil and renewable hydrogen in
the medium term.

The hypothesis that secondary feedstocks such as hydrogen (2b) and pyrolysis oil (2¢) can improve
the economic performance of small-scale debottlenecking units based on black liquor gasification
(2a) has not been proven. Results in this question are sensitive to future developments in the price
of pyrolysis oil and the capital cost of electrolysers.

Since the demand for forest residue-based drop-in alternatives that can replace both petrol and die-
sel is expected to grow globally, the complementary deployment of black liquor gasification-cata-
lytic synthesis and lignin separation-hydrotreatment can be a strategically interesting option for
achieving deep reductions in transport GHG emissions.
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3 PULP MILL ASPECTS

This chapter relates to the following project objective:

2. Evaluate the technical and economic effects for pulp mills, including the effects of changed
pulp production capacity and changed mass and energy balances, and develop a practical
basis for the pulp industry to estimate the value of increasing the pulp mill recycling capac-
ity through the implementation of pulp mill integrated biofuel production from black liquor
(BL) part-streams.

3.1 TECHNICAL EFFECTS

The starting point of this project was that biofuel production from a part of the total BL volume can
constitute an option for recovery boiler debottlenecking, for pulp mills aiming to increase their pulp
production, but that currently are at the recovery capacity. As has been described, we applied a sce-
nario in which the pulping capacity is increased by 18.5% at each mill, which was achieved by di-
recting 18.5% of the BL dry solids flow to the biofuel plant, while keeping the thermal load on the
recovery boiler the same as under normal operation. It is likely that removing a bottleneck in the
recovery boiler will result in new bottlenecks elsewhere in the production. We have here assumed
that the costs of resolving those bottlenecks are low enough that it will be relevant to implement the
capacity increase, but we have considered explicitly only the part of the capacity increase that con-
cerns how the recovery is affected.

The following sections focus on impacts of introducing BL-based biofuel production on the mill’s
energy system, with a short outline of other effects that also needs to be considered.

3.1.1 Integration impacts on the mill’s overall energy system

Figure 7 shows the results of integrating biofuel production on the mill’s electricity and boiler bio-
mass balances under the assumed 18.5% increase in pulp production capacity. A reference case
with increased pulp capacity but no biofuels production is provided for comparison (“No bio-
fuels™). The reference case presupposes that an increase in recovery boiler capacity of 18.5% can
be realised by a capacity expansion retrofit?. It also assumes the bark available at the Model Mill is
not fired in the power boiler but is made available on the biomass commodity market.

In the “No biofuels” case, the Model Mill operates with a significant electricity surplus, Sodra ex-
ports only small amounts, while SKKP is a net importer of electricity. Steam from the recovery
boiler can cover internal process demand at Model Mill and Sddra, while additional biomass needs
to be fired in the power boiler to meet the requirements of units such as the paper machines at
SKKP. The integration of biofuels leads to an increase in energy demand at the Model Mill, which
is met by reducing the electricity exports.

! This possibility (and its cost) is highly mill and boiler specific and will be dependent on the boiler design,
age etc. as discussed in section 3.2.1 below.
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In the lignin pathways, wash water from lignin purification is returned to the mill’s evaporator
plant, leading to an increase in steam consumption. This, in conjunction with the steam require-
ments of various lignin processing steps, means that additional biomass needs to be fired in the
power boiler, even for Model Mill. For Sédra and SKKP, the increase in steam demand in the lig-
nin pathways is large enough that the bark-fired biomass boiler operates at or above the limit of its
capacity. This implies that investments in bark/biomass boiler capacity expansion could be required
if the mills were to consider using the lignin separation route for increasing pulp production. Since
the lignin separation route is under active commercial development, the specific steam consump-
tion may come down in the near future as optimisation increases with improvements in technology
maturity.

The electricity balance is in particular affected by the electrolyser in the gasification+electrolysis
pathway (2b), where all mills need to import electricity from the grid, even Model Mill which oth-
erwise operates with a significant electricity surplus.

BLG green liquor has a higher concentration of carbonate ions compared with recovery boiler
green liquor. The specific energy requirement of the causticizing process in which carbonate is cal-
cined is accordingly also 40-42% greater, which translates into an additional lime kiln energy re-
guirement of 7.5-7.8%, which was met by purge gas from the methanol synthesis.
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Figure 7. Effect of biofuel production on the balance of electricity (top row) and biomass boiler (bot-
tom row) at the studied pulp mills. See Table 1 for an outline of pathways. Note that the y-axis scales
differ among top-row plots.
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3.1.2 Other integration related aspects to consider

The separation-hydrotreatment route

As has been described, the sulphuric acid containing wash water stream from the lignin purification
unit was considered to be sent to the mill and mixed with lean BL. The resulting increase in the
amount of sulphur in the mill recovery cycle was mitigated by increasing the purge rate of ESP ash
from the recovery boiler. Additional sodium hydroxide was added to the recovery cycle to make up
for the resulting loss of sodium that left together with sulphur.

The permeate from the membrane separation, containing approximately 80% of the inorganic con-
stituents in the lean BL as well as hemicelluloses, was considered to be returned to the mill evapo-
ration unit. As discussed in the previous section, this leads to an increase in steam consumption in
the evaporation train, as the permeate is more lean than the original weak liquor. We used an expe-
rience number for a modern seven-effect evaporation plant to estimate the steam consumption,
which may be overoptimistic for less modern mills. Another aspect that needs to be considered is
that the higher concentration of inorganics may increase the risk of scaling in the evaporation. It
may then be necessary to run the evaporation to a lower dry solids content in the strong black lig-
uor, which in turn affects the combustion properties in the recovery boiler, leading to lower effi-
ciency.

Development work is currently ongoing to find a solution to instead send the wash water to the
waste-water treatment plant, which would reduce the steam consumption for evaporation, and prob-
ably also the make-up chemical demand. However, the possibility to remove the relevant organic
contaminants in a standard waste-water treatment plant and the impact on the mill chemical balance
has not been quantified and this option is not considered in the present project.

It is also important to consider the balance between LP, MP and IP steam, as significantly more LP
than MP or IP steam is used in this route. This has been considered in the modelling, and thus con-
tributes to the final energy balances (discussed above, with details in the Supplementary material of
[25]). Conversely, significant amounts of cooling water exit the process at around 35 °C, and has
not been considered in the modelling. This may, for example, affect environmental permits.

The gasification-catalytic synthesis route

While the final green liquor which is returned to the pulp mill is similar to the green liquor from the
recovery boiler, there are some differences that needs to be considered.

The gasification removes sulphur to the gas phase, from where it is separated as hydrogen sulphide
in the amine wash. We have here considered that the hydrogen sulphide is returned to the recovery
boiler to avoid affecting the overall mill chemical balance. The sulphur could also be purged, thus
reducing the need for sodium make-up, and used to produce elemental sulphur or sulphuric acid.
This is, however, in general not motivated economically.

Due to the resulting higher carbonate content in the green liquor, the lime kiln load increases, as
discussed in the previous section. The additional energy demand was considered to be met by firing
purge gas from the methanol synthesis in the lime kiln. The availability of methanol purge gas rela-
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tive to the increase in lime kiln load is presented in the Supplementary material of [25]). The practi-
cality and cost of implementing purge gas combustion at the studied mills, as well as lime kiln ca-
pacity limitations, has not been examined here.

Regarding the effects on the steam system, the process delivers significant amounts of excess LP
and IP steam to the pulp mill, which leads to less steam passing through the backpressure turbine
and consequently lower electricity production. There is also relatively large amounts of excess hot
water at around 90 °C, which has not been accounted for here, but which could, e.g., be used for
make-up water preheating or be exported to a district heating network, if present. The condensate
return is affected to some extent, as direct steam is used in the water gas shift unit. We have, how-
ever, not performed any process water optimisation calculations within this work. As in the case of
lignin separation, significant amounts of cooling water are also needed, which has not been ac-
counted for here.

3.2 ECONOMIC EFFECTS

The lignin separation and black liquor gasification processes provides two services: 1) offloading
of the normal recovery equipment, and 2) the first step in a biofuel production process. This means
that a synergy is realised if both a pulp production increase and biofuel production is implemented
in the mill. We here try to estimate the size of this synergy.

3.2.1 Methodological approach for estimating the recovery service credit

The pulp production gross margin is often estimated as 100-200 EUR/ADt averaged over a market
cycle. Chemical and energy recovery is responsible for about one third of the total investment cost
in a pulp mill [53,54]. Hence, one approach to estimating the value of recovery capacity is to use
one third of this margin estimate. This would then correspond to approximately 20-40 EUR/tDS
BL. However, the pulp gross margin is highly variable both over time and between mills, which
makes this approach problematic. Moreover, the gross margin for individual mills is business sensi-
tive information that is not publicly available.

An alternative approach to indirectly estimating the value of the recovery capacity is to estimate an
alternative investment cost for the increased recovery capacity provided by the BL gasifier or lignin
separation. This alternative investment cost would typically represent a recovery boiler rebuild. The
alternative cost can then be subtracted from the total biofuel investment cost, since it would corre-
spond to the alternative for obtaining the same recovery capacity. This is a highly relevant means
of comparing for a mill that wants to make an investment in increased pulp production capacity,
and wants to answer the question of whether or not to combine this with biofuel production. It also
has the advantage that it makes estimation of investments costs required in other parts of the pro-
cess, e.g. the pulp line, unnecessary.

The cost associated with a recovery boiler capacity expansion is highly boiler specific, depending
on boiler size, type, age as well as any previous modifications, and on whether the boiler has been
prepared for an expansion or not. The specific cost can be both higher and lower than the specific
cost for the corresponding capacity in a new recovery boiler, but such a cost can nonetheless give a
rough estimate that is relevant, even if it is highly approximate.
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Table 7. Cost estimates for new recovery boiler investments.

Capacity Capacity Investment  Specific investment  Specific investment Ref
(tDS/d) (MW BL) (MSEK) (MSEK/tDS,d) (MSEK/MW BL)
Iggesund 2010 2500 405 2300 0.92 5.7 [55]
Husum 2020 4300 697 3000 0.70 4.3 [56]
Obbola 2007 1000 162 825 0.83 5.1 [57]
Reference mill 2800 463 1890 0.68 4.1 [54]

Table 7 gives publicly available data of recent recovery boiler investments or investment cost esti-
mates. It shows that the specific investment cost is ca. 0.7-0.9 MSEK/tDS,d or 4-6 MSEK/MW BL.
The investments in the table includes full project costs for recovery boiler and steam turbine. The
latter is included since the OPEX used for the comparison includes changes in electricity produc-
tion in the turbine. It can be noted that using 10 SEK/EUR, 350 d/y and an annuity factor of 0.15,
the recovery capital cost is 29-39 EUR/tDS BL, which is in good agreement with the above-men-
tioned 20-40 EUR/tDS BL estimate based on pulp margin and investment cost fraction.

No assumptions about reduced O&M costs have been made. This means, in essence, that the O&M
costs are not considered to be subject to synergies. The O&M cost for the combined pulp capacity
expansion and biofuel production are simply the sum of the O&M of the two individual projects.

3.2.2 Impact on investment cost

The avoided investment in the recovery boiler capacity expansion is applied as an estimate of the
size of the above-mentioned synergy. Figure 8 shows this avoided investment for our three studied
pulp mills, and for a low and high investment cost estimation, respectively. The differences be-
tween mills is directly dependent on the pulp production capacity of the mills, since a production
increase of 18.5% is assumed in all cases and the same specific investment costs are used. The
avoided investment can be arbitrarily allocated to either the pulp production increase or the biofuel
production, since it is an effect of implementing both at the same time. In the following sections,
we show both allocation possibilities. It is important to note that the synergy cannot be allocated
fully to both options at the same time. Hence, the allocations here are mutually exclusive, but it is
of course also possible to allocate the synergy partly to each option in any proportion.

Avoided RB expansion investment
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Figure 8. Avoided investment cost in recovery boiler expansion when biofuel production is imple-
mented with pulp production capacity expansion.
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3.2.3 Allocation of synergy to increased pulp production

An allocation of the synergy to the increase pulp production gives results as shown in Figure 9 for
the three examined mills, for two different assumptions on cost of capital: “Annuity 0.1” corre-
sponds to 8% over 20 years while “Annuity 0.15” corresponds to 14% over 20 years. The low in-
vestment credit assumption and low cost of capital gives production cost reductions of 29-37
EUR/ADt, corresponding to an increased gross margin of approximately 15-30% for the increased
production volume (based on the 100-200 EUR/ADt margin assumption discussed above). For the
high investment credit assumption and high cost of capital, the corresponding cost reduction is 64-
82 EUR/ADt or 35-70% increased gross margin. These numbers are independent of the biofuel
production technology selected since the avoided recovery boiler expansion capacity is the same in
all cases and this is allocated purely to increased pulp production.

Pulp production cost reduction - Pulp production cost reduction -
Annuity 0.1 Annuity 0.15
Model Mill Sodra SKKP Model Mill Sddra SKKP
0 0
-10 -10
-20 -20
= -30 + -30
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m High avoided RB investement credit W High avoided RB investement credit

Figure 9. Impact on pulp production cost for the increased pulp production capacity when the synergy
(avoided investment cost in recovery boiler expansion) is allocated to increased pulp production.

3.2.4 Allocation of synergy to biofuel production

If the synergy is instead allocated to the biofuel production, i.e., essentially assuming that the pulp
production expansion would have been done anyway, the impact on biofuel production cost is no
longer independent of the biofuel production technology used, since biofuel yields compared to
BL/lignin feedstock vary. Figure 10 shows the resulting investment costs for the five studied bio-
fuel production pathways, for our three studied pulp mills, with as well as without the credit for the
avoided recovery boiler investment.

As noted above, the absolute reduction in investment cost is always the same for a given mill
(Figure 8). The resulting relative change in investment cost from the recovery service credit, when
allocated to the biofuel production, is thus largest for the cases with lower investment cost (1a, 2a,
2c). Case 2a shows a decrease of 32-38% and 47-57% in investment cost for the low and high re-
covery service cost credit, respectively. The smallest relative decrease is seen for case 1b (10-17%)
due to its high total investment.
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Figure 10. Impact on biofuel production investment costs for the increased pulp production capacity
when the synergy (avoided investment cost in recovery boiler expansion) is allocated to the biofuel pro-
duction. Top: total CAPEX, middle: CAPEX per MW feedstock input, bottom: CAPEX per MW bio-
fuel product.
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Figure 11 shows the resulting impact on the minimum fuel selling price (MFSP) for the five studied
biofuel pathways, assuming a capital cost corresponding to the 0.1 annuity factor of the original
MFSP calculations.

The largest effect on MFSP can be found for pathway 2a with reductions of 15% and 23% for the
low and high recovery service cost credit, respectively. The MFSP obtained for pathway 2a at the
Model Mill with the credit considered (60-65 EUR/MWh) must be considered very low for a forest
based second generation biofuel. Similarly, pathway 2a also shows low MFSPs with the recovery
service credit considered at the Sédra and SKKP mills (76-91 EUR /MWh).
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Figure 11. Impact on the MFSP of the avoided investment cost for the increased pulp production ca-
pacity when the synergy (avoided investment cost in recovery boiler expansion) is allocated to the bio-
fuel production, for the five studied biofuel production pathways.

Figure 12 shows absolute reductions in biofuel MFSP for different avoided investment cost scenar-
ios (low/high avoided investment and low/high cost of capital), similar to the results in Figure 9.
For the lignin separation pathways 1a and 1b, the reduction in MFSP amounts to 7-14 EUR/MWh
and similar for gasification with additional feedstock (pathways 2b and 2c, 7-17 EUR/MWh). For
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the BLG pathway 2a, the effect is however larger with reductions of 12-19 EUR/MWh for the low
annuity scenario, and 17-28 EUR/MWHh for the high annuity scenario. The reason for the larger ef-
fect for 2a is the lower biofuel production capacity for this pathway, which is partly caused by the

fact that it does not use any additional feedstock such as hydrogen (1a, 1b, 2b) or pyrolysis oil (2c).
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Figure 12. Impact on the MFSP of the avoided investment cost for the increased pulp production ca-
pacity when the synergy (avoided investment cost in recovery boiler expansion) is allocated to the bio-
fuel production, under different scenario for investment credit and annuity.

3.3 SUMMARY OF PULP MILL CONSIDERATIONS

A key assumption has been that a pulp mill that wants to achieve a pulp production capacity in-
crease, but that has a bottleneck in the current recovery capacity, has two options for achieving the
capacity increase; (1) a recovery boiler rebuild for increased recovery capacity, or (2) debottleneck-
ing through using part of the total BL volume for biofuel production. While the first option has the
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advantage of sticking to only the core business of the pulp mill, the second option generates a syn-
ergy between relieving the existing recovery equipment and creating a new revenue stream for the
pulp mill from the produced biofuel.

From the pulp mill perspective, two aspects critical to consider in this choice are: What would be
the cost of the recovery boiler rebuild? and What is the current energy situation in the pulp mill?
With a low cost of the recovery boiler rebuild (exemplified here by the low investment credit as-
sumption and low cost of capital), pulp production costs can be reduced by around 29-37
EUR/ADt, which corresponds to an increased gross margin of approximately 15-30% for the in-
creased production volume. With a higher rebuild cost (exemplified by the high investment credit
assumption and high cost of capital), the corresponding cost reduction can reach 64-82 EUR/ADt
or 35-70% increased gross margin. These numbers are independent of the biofuel production tech-
nology selected since the avoided recovery boiler expansion capacity is the same for all biofuel
production pathways.

Regarding the second aspect, the integration of biofuel production from BL part-streams results in
significant impacts on the mill’s energy balance, in particular in the steam system. Mills that are
currently operating with an energy surplus that is exported as electricity therefore have a significant
advantage as integration sites. Mills that operate their biomass or power boilers at or near capacity
may have to invest in extra capacity to meet the increased demand from biofuel integration. For a
pulp mill looking to expand pulping capacity through the production of drop-in biofuels from black
liquor, integration impacts that require more detailed investigation include the impact on evapora-
tor loads, relevant for lignin pathways, and lime kilns, pertinent for gasification pathways.

The introduction of an additional process step (lignin separation or gasification) in the recovery cy-
cle naturally increases the risk of operational disruptions. However, the risk of impact on pulp pro-
duction is considered to be limited because there is a buffer capacity in the form of tanks for both
black liquor and green liquor. This allows the mill to continue the pulp production at full capacity
for a limited time, as long as the majority of the recovery, which is done in the recovery boiler, is in
operation. In the event of longer operational disruptions in the new processes, the pulp production
will be affected, but it is important to point out that this only applies to a part of the production,
corresponding to the part of the black liquor that goes to lignin separation or gasification.
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4  DRIVERS FOR AND BARRIERS TO IMPLEMENTATION OF
THE STUDIED TECHNOLOGY PATHWAYS

This chapter relates to the following project objective:

3. Provide an overview of general driving forces for and key barriers (technical, economic,
organizational, etc.) to actual implementation of the studied technology pathways, which
includes and builds on relevant industrial players’ perceptions of different drivers and bar-
riers.

4.1 METHODOLOGICAL APPROACH

Previous research [58] highlights several system strengths, such as long-term research funding, sig-
nificant research infrastructure, and strong actor networks, that have contributed to developing the
Swedish biorefinery technological innovation system. However, significant system weaknesses
which inhibit the development have also been pointed out, such as weak coordination among min-
istries, lack of industrial absorptive capacity, and unclear roles. To address the system weaknesses
by building on the system strengths, previous research suggests a combination of four policy
measures: (2) the implementation of a deployment policy for creating domestic niche markets, (b)
improved policy timing and more structured coordination among different governmental agencies,
(c) the provision of stronger incentives for mature industries to invest in R&D and improve their
absorptive capacity; and (d) improved organisation and financing of existing research infrastruc-
ture [58].

While a full Technological Innovation System (TIS) analysis has been outside the scope of this
project, we have employed a limited study focused on barriers to and drivers for actual implemen-
tation.

In the format of a workshop, the project partners and additional associated actors identified, dis-
cussed and aligned their view on key drivers and barriers (technical, economic, organisational, etc.)
against actual implementation of the technology pathways studied in the project. The purpose of
the identification of key drivers and barriers was to supplement the techno-economic analysis per-
formed in the project with general aspects (mainly non-technical) which can be decisive for the fea-
sibility of fuel production based on black liquor part-streams.

The implementation of the workshop was inspired by TIS analysis. TIS is a framework to analyse
(e.g.) barriers and drivers for technological development and diffusion. Reasons for applying a TIS
perspective are basically that the framework allows for an analysis of the links between technology,
actors / organizations, networks and institutions (laws and regulations), and that it facilitates an en-
hanced understanding of the emergence, development, obstacles and dissemination of new know-
ledge (and technology). During the start of the workshop, the participants were given a brief intro-
duction to TIS and some core concepts.

In a TIS analysis, care is taken to investigate the structure (Structural components) and function of
the system with the purpose of identifying system weaknesses. Identified system weaknesses can
either be influenced by the actors in the system themselves, or might require specific policy atten-
tion. Such an analysis is rather time consuming and demands significant resources to be performed.

FDOS 05:2020



Thus, for the aim and purpose in this project we performed a very light version using the structural
components as a basis for discussion. The structural components are:

e Technology (codified knowledge, artefacts, ...)

e Actors (individuals, businesses, universities, other organisations)

e Networks (learning networks, political networks, social networks, ...)

¢ Institutions (laws and regulations, norms and values, standards, routines, ...)

The structural components can in different ways inhibit innovation. Figure 13 shows some exam-
ples of barriers related to the different structural components.

Technology [y
related barriers sl ack of complementary technology or infrastructure

Actor re | ated eDominant players who manipulatethe market.

. *Poor articulated demand.
ba rriers el ocal Search Processes (path dependence andinertia)

N etWO r k eToostrong networks (lock-in effects)
related barrlers eWeak networks (weak connections)

Institutional el ack of vision and expectations

. sWeak legitimacy for the new technology
ba rriers eRegulations that hinder the development of the market

Figure 13. Examples of barriers related to different structural components.

4.2 WORKSHOP FINDINGS

The workshop findings are summarised in Figure 14 and Figure 15. The structure follows the one
in the discussions related to the structural components: first drivers (strengths) are presented and
thereafter a summary is given for identified barriers (weaknesses).
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DRIVERS

K Future proof — when we run out of oil or care enough about \
the climate

+ Part stream BL, not whole BL - technical risk mitigation

+ Technical risk spreading for recovery (pulp mill) A

Possibility to sell excess energy (in the form of biofuel) * PR, SUStamab]I'_tY profile ) . .

* Good pulp market — increased production attractive — * Separate |n\|_restrne|_1ts into dlff(_f.‘rent _Steps with

benefit core process intermediate which make_:s? it easier to sepa_rate_ both

Product with global market ' costs and benefits (divided value chain in different

- Lack of green alternatives gasoline commercial entities)
components for after when ethanol/ETBE
L is not enough to reach the quota

+ Technology suppliers with potential for credible guarantees
for both technologies

Increased cost of CO, Institutions Networks * Value chain networks and collaboration
Change from support to penalty (reduce risk)

The reduction obligation system (first) * Knowledge sharing
Potential new policy instruments which + SunPine model established — can be model also
reduce/distribute risk (e.g. contracts for difference) here (although different)

Shift in “investment will” in renewables Strong cnnsorﬁla ﬁ::rml_ng, including act.ors from all parts of
- the value chain, sustainable value chains (core for
(green obligations/bonds etc.)
company)

Figure 14. Drivers for implementation of biofuel production from BL part-streams.

BARRIERS
/-/ Window-of-opportunity (timing of investment possibility) \ .

- Core process (RB) being replaced by new technology, \ + Competition (for resources) between technology tracks
technical risk + Sub-optimisation (lack of cooperation)

« Bridging valley of death + Key actors missing (global ones)

+ Very tight integration with mill - risk (availability) + Off-take actors ) .

» Multiple utilities — all not valued (e.g. value of increased *+ Unclear (roles) Who_ 1S _tO invest? ) )
recovery capacity) Who takes responsibility for the entire value chain?

- Transforming and selling excess energy as fuels not + Industry does not have resources to make “optimal” choices in
valued enough this field which is partly new (and complex)

+ Increased causticizing demand (lime kiln load) + Nosingle }echnology supplier that sells thIe entilre chain

+ Competing alternatives e.g. CCS (competitionfor & + Public acceptance, refinery processing, nimby
resources and attention) effects ]

+ Lignin processing at refinery = more H, + feed * _Somellmes weak actors (new _teChnC'lOQ‘.t")
- local CO, emission increase Actors in between the strong giants (incumbent
(assuming NG for H.) industry)

+ Mo support for pure/highblend fuels

+ EU level political drivers not strong enough Institutions Networks o
+ Low cost of CO, = Strong fossil alliances

. State-aid rules New a“ctor structlires needejd
. ) + Lack of “translators” between industry and
+ Fossil fuels too cheap (lack of regulation) i —_— . .
. . . politicians (“gransgangare”)
+ No incentives to share risk

) L . ) * Does not fit with current business models (neither
+ The reduction obligation system (later if capping the market) pulp industry nor refinery) - How to organise the

- Competition for biomass consortia is a big challenge - the interface/bridge
+ Competition for capital investments between the two core businesses (refinery vs. pulp mill)
+ Lack of institutional function to accommodate local vs. global

effects

+ Permits, long permit process
+ Lack of knowledge and experience in understanding how different
grants work and the criteria for financial support

Figure 15. Barriers to implementation of biofuel production from BL part-streams.

4.3 SUMMARY OF DRIVERS AND BARRIERS

All in all, it can be concluded that the workshop findings regarding barriers and drivers correlate
rather well with the system strengths and weaknesses identified for the more general Swedish bio-

FDOS 05:2020



refinery TIS by [58]. This is especially true for the barriers and drivers associated with the struc-
tural components’ institutions and networks. However, some of the drivers are more case specific
focusing on the benefits possible due to integration with the pulp mill and/or the refinery. Espe-
cially the possibility to debottleneck the recovery boiler (and enabling a “cheaper” production in-
crease) was highlighted. Yet, the integration with the pulp mill and/or refinery is also associated
with barriers, where, e.g., the technical risk of close integration of new technologies and the need to
time the potential investment into an “investment window of opportunity” when the mill or refinery
is shut down for maintenance, were highlighted. Finally, in accordance with the more in-depth
study by [58], the lack of key actors (and associated resources) and the challenge of unclear roles
and weak network structures were emphasised.
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5 CONCLUSIONS

This work has shown that BL part-streams can be used to produce drop-in biofuels with production
costs ~80 EUR2017/MWh (ca 7-8 SEK/I), thereby equalling or bettering the economic performance
of comparable forest residue-based fuels. Both studied routes could constitute potentially attractive
options for recovery boiler-limited pulp mills looking to both increase their pulping capacity and
broaden their product portfolios. Hydrogen for lignin hydrotreatment is significantly cheaper if pro-
duced from natural gas than via electrolysis, but offers lower GHG savings compared to the other
pathways. Future availability of cheaper electrolysers and reliable experimental data on lignin hy-
drotreatment are likely to impact the trade-off between fossil and renewable hydrogen.

Substantial synergies can be obtained by implementing the investigated technology concepts pro-
ject. The “dual service” that both concepts offer gives a reduction in the overall investment cost if
the pulp capacity increase is implemented together with the biofuel production. If this synergy is
allocated to the biofuel production, the production costs can be reduced by significant amounts (up
to 23%). If it instead allocated to the pulp production, pulp production costs can be reduced by up
to 64-82 EUR/ADt pulp, which corresponds to an increased gross margin of 35-70% for the in-
creased production volume, irrespective of biofuel production pathway. This, however, requires
that the alternative cost of rebuilding the existing recovery boiler for a capacity increase would be
in the higher end of the investigated alternatives.

From the pulp mill’s perspective, two main aspects are critical to consider in the choice between
recovery boiler retrofit and black liquor-based biofuel production:

1) What would be the cost of the recovery boiler rebuild?
2) What is the current energy situation in the pulp mill?

The integration of biofuel production from BL part-streams results in significant impacts on the
mill’s energy balance. Mills that are currently operating with an energy surplus have a significant
advantage as integration sites, while mills that operate their power boilers at or near capacity may
have to invest in extra capacity to meet the increased demand from biofuel integration. The lignin
separation-hydrotreatment route is less suitable for pulp mills already restricted in the evaporation
section, due to the increased evaporation load, while the gasification-catalytic synthesis route is
less suitable for pulp mills already restricted in the lime kiln, due to the increased causticizing load.

While the gasification-catalytic synthesis route has a higher current technology readiness level on
average, the gap is expected to shrink notably in the near future as key process steps in the separa-
tion-hydrotreatment route undergo planned demonstration in industrial conditions. However, our
lignin upgrading results are subject to large uncertainties, being based on lab testing of a reference
lignin in the absence of representative industrial data.

Finally, it can be concluded that since the demand for forest residue-based drop-in alternatives that
can replace both petrol and diesel is expected to grow in the future, the complementary deployment
of black liquor gasification-catalytic synthesis and lignin separation-hydrotreatment can be a strate-
gically interesting option for achieving deep reductions in transport GHG emissions. In order to
make this happen though, challenges in the form of lacking key actors (and associated resources),
unclear roles and weak network structures must also be overcome.
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APPENDIX A — BIOFUEL PRODUCTION PATHWAYS

THE SEPARATION-HYDROTREATMENT ROUTE

Lignin is separated from kraft BL, purified, stabilised and sent to a petroleum refinery where it is
hydrotreated to remove oxygen and upgraded to diesel and petrol blends, as illustrated schemati-
cally in Figure A- 1. The process configuration for the pulp mill-integrated steps is based on tech-
nology developed by Sun Carbon AB [9]. The maximum amount of lignin that can be separated
from BL without adventuring recovery boiler operation is mill specific, but is typically limited to
~20%. The two pathways in this route are identical in all aspects other than the choice of hydrogen
supply source: steam reforming of natural gas in the lignin pathway (1a) and polymer electrolyte
membrane (PEM) electrolysis of water in the lignin+electrolysis pathway (1b).

Carbon dioxide Sulfuric acid Vacuum gas ol

_______________________________ \ fEsiI;baied _carrier)
r S il 7 |
Membrane Lignin Lignin Lignin
Separation T i Separation Purification Stabilisation

A 4
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Figure A- 1. Simplified process schematic for the lignin separation-hydrotreatment route. All process
steps except the production of hydrogen are shared between pathways 1a and 1b.

A stream of weak BL from the mill evaporation unit is split by membrane separation into a lignin
and hemicellulose-rich retentate stream and an alkali-rich permeate stream. The alkali compounds
in the permeate are returned to the evaporator train, while the retentate is subjected to indirect
steam heating, which initiates an alkali-catalysed breakdown of the organic fraction. The hemi-
celluloses are also returned to the mill recovery cycle, while the depolymerised lignin fragments
are acidulated with carbon dioxide, which reduces the pH and leads to the formation of a liquid lig-
nin phase by protonation. The multiphase mixture is washed with sulphuric acid to leach out re-
maining impurities. An important part is the provision of lignin in a form that can be conveyed to
the refinery and co-processed with crude oil derivatives. An organic solvent is used to generate a
stable 50/50 mixture of lignin and a fossil carrier oil, vacuum gas oil (VGO), that can be trans-
ported and processed at the petroleum refinery.
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The lignin/VGO mixture is hydrotreated in a two-step iso-cracker. In the first step, oxygen and sul-
phur are removed by treating the feed with hydrogen at elevated temperature and pressure in the
presence of a catalyst. The bulk of the oxygen is removed by hydrodeoxygenation reactions. Partial
saturation of aromatics also takes place. In the second step, the hydrocarbon products undergo
cracking, isomerization and further saturation. The heavy ends are cracked into smaller components
in the diesel and petrol range, which can be blended with similar fossil products.

THE GASIFICATION-CATALYTIC SYNTHESIS ROUTE

Pure BL or blends of BL and PO are gasified to produce syngas that, optionally combined with hy-
drogen from water electrolysis, is used as feedstock for the production of drop-in petrol via a meth-
anol intermediate, as shown in Figure A- 2. The gasification step common to all pathways is based
on the BL gasification (BLG) technology developed by Chemrec AB [29]. For 2b and 2c, a second
feedstock is used to increase biofuel production from a given volume of BL. For 2c, up to 25% PO
can be mixed into the BL without any other changes to the gasification technology [59].

Concentrated BL is gasified in a pressurized refractory-lined reactor using oxygen as oxidizing and
atomizing agent to produce a clean syngas made up primarily of carbon monoxide, hydrogen and
carbon dioxide. Small quantities of hydrogen sulphide and methane are also present. The catalytic
effect of the alkali in BL ensures nearly complete carbon conversion at relatively low reactor tem-
peratures [60,61]. The alkaline pulping chemicals in the BL form a molten slag, which is dissolved
in water and returned to the mill for re-use in the kraft cycle.

o B R B O B W EM M W S E MM U RWE W B MW R W ERR RS |
| T * |
| Electricity EEmEs. Semmm |
| | Electrolysis [—— |
[ |
[ |
[ v 3 v |
| . = P Acid Gas Methanol o Methanol |
— ' P» Gasification —» Water Gas Shift —— Synthesis ' Distillation |
(8] T . J
a T |
n
= Black Liquor - |
S| Purge Gas T |
a Green Liguor Steam Stabilised Methanol
| Steam Acid Gases I
f | :
| Pulp Mill Units |
[ |
e e e e e e R e e e e e e e e e e o e L J
Purge Gas L 2
. Petrol MTG
M Inthe BLG+electrolysis (2b) pathway only Refinery < (Methanol to

_ Units
In the BLG+pyrolysis (2c) pathway only

LPG

Gasoline)

Figure A- 2. Simplified process schematic for the black liquor gasification-catalytic synthesis route.
There is no water gas shift in pathway 2b, syngas is sent for acid gas removal directly.

After leaving the reactor, syngas is cooled down to 30-40 °C in two steps. The next treatment step
differs between 2a and 2c on the one hand and 2b on the other. In 2a and 2c, the composition of the
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cooled syngas is adjusted in a water-gas shift reactor after which carbon dioxide and hydrogen sul-
phide are removed by scrubbing with an amine solution. In 2b, there is no water gas shift unit. The
stoichiometric requirement for methanol synthesis is satisfied by mixing syngas from the amine
scrubber with hydrogen, which is produced by PEM electrolysis of water. Since amine scrubbers
cannot reliably reduce the concentration of hydrogen sulphide to sub-ppmy levels, syngas is passed
through a zinc oxide bed to reduce the concentration of sulfur to below 0.1 ppm. The conditioned
syngas is catalytically upgraded to crude methanol, which is partially distilled to produce water-
containing “stabilized” methanol. Petrol blendstock is synthesized from stabilized methanol via the
methanol-to-gasoline (MTG) process at a petroleum refinery, to take advantage of existing infra-
structure [51,62]. Small quantities of LPG are also obtained as a by-product. Other gaseous by-
products from the synthesis loop are combusted for energy recovery.
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APPENDIX B — PULP MILL INPUT DATA

Table B- 1 summarises key pulp mill data under operation without integrated biofuel production.

Table B- 1. Selected production and energy data for examined kraft mills under normal operation.

Units Model Mmill 2 SKKP » Sédra ©
Production Data
Mill Type - Market Pulp  Pulp & Paper  Market Pulp
Pulp Production Capacity tons/day 2000 1268 1288¢d
Electricity Data
Generation (Back Pressure Turbine) MWe 70 35 40
Generation (Condensing Turbine) MWe| 73 - -
Internal Consumption MW 61 67 39
Import from Grid MWe| 0 32 0
Export to Grid MWe 83 0 1
Steam Data
High Pressure Steam from Recovery Boiler MWih 438 192 260
High Pressure Steam from Biomass Boiler MWih 66 65¢ 1
Other Data
BL to Recovery Boiler MWih 561 240 325
Feedstock to Lime Kiln MW, 34 21 22
Feedstock to Auxiliary (Biomass/Power) Boiler MW4h 107 74 26-96
Process Steam Levels bar(a) 13/10/4.5 27/11/3 25/14/11

@ Recovery boiler produces high pressure (HP) steam at 101 bar(a). Falling bark is combusted in the lime kiln and the
surplus can be fired in a power boiler to produce additional HP steam. The mill is equipped with a condensing tur-
bine. Surplus electricity is exported to the grid.

b Based on energy data for 2017. Recovery boiler produces HP steam at 58 bar(a). It is complemented by a multi-fuel
biomass boiler that is fired mainly with bark from the debarking line, which produces HP steam at 120 bar(a). Two
additional supplementary boilers are also present. Electricity is generated by two back pressure turbines. The lime
kiln is fired with a combination of sawdust, pellets and bio-oil. The mill is a net importer of both electricity and bio-
mass.

¢ Based on energy data for September 2018. Recovery boiler produces HP steam at 58 bar(a). The lime kiln is fired
with tall oil residue. The mill is equipped with an auxiliary biomass boiler, but the steam output from the recovery
boiler is normally sufficient to satisfy the process demand for steam and electricity. The mill has a lack of capacity in
the existing turbines and no condensing turbine, and can thus not convert surplus steam to electricity.

4 Partly paper pulp, normally ~ 2/3 of the total, and partly textile pulp, normally ~ 1/3 of the total.
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APPENDIX C— DETAILED BALANCES FOR INTEGRATED BIOFUEL PRODUCTION

Figure C- 1, Figure C- 2 and Figure C- 3 show the detailed balances for Model Mill, Sédra, and SKKP, respectively, for all five examined pathways. Note

that figures break over pages.

(a)
Pulp mill [ 1a-Lignin (Model Mill)
Electricity
-0,405 MW Hydrogen
21443 kgih 0,983 MW
IP Steam (Indirect) co2 H2504 Water LP Steam (Indirect) | Cooling Water
. 0,051 MW 1010 kg/hr 2785 kghr | 110028 kgih 0,620 MW 677643 kg/hr
Biomass 5106 ka/hr 69949 kg
0,187 MW e s e e R S |
Weak 1 Retentate izni ! Lignin Product igni
Black Liquor 1 Membrane Heat SOLO POLO L!gnm . 1 g Lignin Hydrotreatment
1| Filtration Treatment || Uauefaction : 1:209 MW
3,508 MW 1 : 14498 kgihr
382232 kghr | 76446 kgihr T
L e A Y S Sump | Additive
Permeate Lean BL Strong Gases Wash Water Condensate Additive 300 kgihr
0,050 MW
305786 ko/hr 33582 kg/hr 928 kgihr 136239 kgihr 3577 kgihr 300 kg/hr
Petrol 115 kgh 0,017 MW CO2 -1108 kg/h
Diesel 6903 ka/h 0933 MW  Heat 0,370 MW
Fuel Gases 5010 kph 0315 MW H2S 79 kgih 0,006 MW
Water 5531 kgh
co 100 kgh 0,004 MW
(b)
- I
Pulp mill L . - - .
{Evaporators) Electricity 1b-Lignin+Electrolysis (Model Mill) Hvdrogen  +———| Electrolysis
0,405 MW ydrog Electricity
2144 kgih
i i . 0,933 MW 1229 MW
IP Steam (Indirect) co2 H2504 Water LP Steam [Indirect) | Cooling Water . !
. 0,051 MW 1010 kgihr 2785 kghr | 110028 kgh 0,620 MW 677643 kg/hr
Biomass
5108 kgihr 89949 kg/h
0,187 MW e ety ey et M S i f
Weak 1 Retentate P 1 Lignin Product P
Black Liguor | Membrane Heat S0LO POLO L-lgnm ) 1 g Lignin Hydrotreatment
1 | Filtration Treatment | Liquefaction d 1.209 Wit
3508 MW 1 T 14498 kgihr
382232 kahr | 76446 komr A
A S s O S _1 Additive
Permeate Lean BL Strong Gases Wash Water Condensdate Additive 300 kgihr
0,050 MW
305786 kg/hr 33582 kgihr 928 kg/hr 136239 kg/hr 3577 kg/hr 300 kgihr
Petrol 115 kgh 0017 MW CO2 -1106 kgh
Diesel 6903 kgh 0,983 Mw  Heat 0,370 MW
Fuel Gases 5019 kah 0,815 MW H2S 79 kah 0,006 MW
Water 5531 kgh
co 100 kg/h 0,004 MW
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C0O2 to mill recovery boiler

19078 kg/hr

(c)

H25 to mill recovery boiler 286 kaihr LP steam to mill 0,072 MW 4535 kg/hr Purge gas to mill 0,074 mw 417 kgihr
MP steam to biofuel plant 0,000 MW 0 kg/hr Bottoms to mill NIA MW 481 kgihr
IP steam to mill 0,061 MW 3431 kghr
Electricity Hot water to mill 182962 ka/hr ]
2a-BLG (Model Mill)
-0,702 MW
Pulp mill
Electricity to biofuel plant
X 0,080 MW
| IP Steam to refinery 50 w 3359 kg/hr
| Green liquor 64571 kag/hr LPG to refinery 0,104 Mw 360 ka/hr
! Purge gas to refinery 0,017 MW 46 kgfhr
Black liquor 0,003 MW 0,001 MW 0,017 MW 0,058 MW
2,157 MW 5
35640 kg/hr Gasification & WGS AGR Methanol Petrol
L_.| ASU - (Amine) synthesis synthesis
Cold i Sweet-gas
Shift-gas -g Methanol Petrol
1,204 MW 1,206 MW 1,369 MW 1,008 MW 0,896 MW
25406 kg/hr 28701 kghr 9288 ko/hr 8391 kahr 3413 kghr
CO2 to mill recovery boiler 10297 ka/hr . . (d)
H2S to mill recovery boiler 286 koihr LP steam to mill 0,107 MW 11785 kg/hr Purge gas tomill o049 mw 545 kgihr
MP steam to biofuel plant 0,000 MW 0 kghr Bottoms to mill g 001 mw 827 kghr
IP steam to mill 0,176 MW 17230 kathr
Electricity Hot water to mill 178405 kg/hr
1,082 MW 2b-BLG+electrolysis (Model Mill)
Pulp mill
Electricity to biofuel plant
0,764 MW
&
i Green liquor 64571 kgihr IP Steam to refinery  (ggp mw 5841 kghhr
| ! LPG to refinery 0,104 mw 627 kgihr
| Purge gas to refinery 0,017 mw 80 kgihr
I 0,699 MW
0,002 MW 0,005 MW Electrolysis 0,058 MW
! Hydrogen l 0,559 MW
Gasification & AGR 1184 kglhr Methanol Petrol
L, | ASU Mix synthesis synthesis
Black liquor Cold Syngas g as
yng g Methanol Petrol
1,241 MW 0,801 MW 1,343 MW 1,008 MW 0,896 MW
35640 kg/hr 25406 kgihr 159632 kg/hr 14591 kghhr 5935 koihr
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609 ka/hr (e)

€02 to mill recovery boiler 57357 kg LP steam to mill 0,034 MW 3340 ka/hr Purge gas to mill 0071 MW
H2S to mill recovery boiler 309 ka/hr IP steam to mill 0,066 MW 5745 kafhr Bottoms to mill 0,001 MW 744 kalhr
Electricity Hot Water to mill 276363 ka/hr
-0,476 MW . . i
Pulp mill 2c-BLG+pyrolysis oil (Model Mill)
Electricity to biofuel plant
. N 0,078 MW

Black liquor | . IP Steam to refinery 0.060 MW 5200 ka/hr

1,304 MW | Green liquor LPG to refinery 0,104 Mw 558 kg/hr

35640 kglhr { 64571 kgihr Purge gas to refinery 0,017 Mw 71 ka/hr
Pyrolysis Qil i

A { 0,003 MW 0,001 MW 0,016 MW 0,058 MW
0,578 MW !
2910 kg/r '
Gasification & WGS AGR Methanol Petrol
| ASU - . synthesis synthesis
20% POIBL " Y !
o Cold Syngas Shift-gas Sweet-gas Methanol Petrol
1,972 MW 1,382 MW 1,385 MW 1,366 MW 1,008 MW 0,896 MW
44550 kgihr 36706 kg/hr 42051 kg/hr 14342 kg/hr 12989 kgihr 5283 ka/hr

Figure C- 1. Energy balance for (a) 1a-Lignin, (b) 1b-Lignin+electrolysis, (c) 2a-BLG, (d) 2b-BLG+electrolysis and (e) BLG+pyrolysis oil in the Model Mill inte-
gration case normalized to 1 MW HHYV of biofuel products. Selected mass flows are also shown for reference.
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Pulp mill . Ele(:l:rlt:ltyn‘ME - 1a-Lignin (Sodra MI")
0,116 MV
Hydrogen 1464 koh
_4‘ IP Steam (Indirect) co2 H2S04 Water LP Steam (indirect) | Cooling Water
Biomass 0,051 MW 890 kg 1901 kgir 75121 kg 0,620 MW 462654 kgihr
1,812 MW 3486 kg/hr 47757 kgh
1 1
R -
“B\,I:zll‘( Liquor : Membrane b Heat s0L0 POLO Lignin : Lignin Product Lignin Hydrotreatment
+—»] Filtration Treatment Liquefaction | 1,208 MW
3331 MW 1 | 9898 kg/hr
260965 kgthr 1 52193 kg/hr I E——
L e [ [ ———_ . Additive
Permeate Lean BL Strong Gases Wash Water Condensate Additive 205 kgihr
0,050 MW
208772 kghr 22928 kg/hr 634 kg/hr 93015 kg/hr 2442 kgihr 205 kgihr
Petrol 78 kgh 0,017 MW
Diesel 4712 kgh 0,983 MW
Fuel Gases 3427 kgh 0,815 MW
Water 3776 kah
co 68 kah 0,004 MW
Pulp mill ici H R H = H
P [ ety 1b-Lignin+Electrolysis (Sodra Mill)
0,116 MV
Hydrogen 1454 ko
_4' IP Steam (Indirect) co2 H2S04 Water LP Steam (Indirect) | Cooling Water
Biomass 0,051 MW 590 kg/hr 1901 kghr 75121 kah 0,620 MW 462654 kghr
1812 MW 3486 kg/hr 47757 kgh
g DU ORI AN A -
1 1
‘S’I;:t Liquer : Membrane Retentate Heat S0L0 POLO Lignin : Lignin Product Lignin Hydrotreatment
+ Filtration Treatment Liquefaction 1 1,209 MW
3331 MW 1 ] 9898 kg/hr
260965 kaihr 1 52183 kg/hr A
1L ___T——-F-_—__1 Additive
Permeate Lean BL Strong Gases Wash Water Condenspate Additive 205 kgihr
0,050 MW
208772 kathr 22928 kgihr 634 kg/hr 93015 kg/hr 2442 kghr 205 kgihr
Petrol 78 kah 0,017 MW
Diesel 4713 kgh 0,983 MW
Fuel Gases3427 kgh 0,815 MW
Water 3776 kgh
co 62 kah 0,004 MW
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0,983 MW

co2 -755 kg/h

Heat 0,370 MW

H2s 54 kgh 0,006 MW

(b)
0,983 MW
—
Electricity
1,229 MW

co2z 755 kah
Heat 0,370 MW
H2s 54 kgh 0,006 MW



CO2 to mill recovery boiler

12870 ka/hr

H2S to mill recovery boiler 213 kglhr LP steam to mill 0,089 MW 3630 kg/hr Purge gas to mill 0,076 MW 267 kglhr
Bottoms to mill NIA MW 308 kgl/hr
IP steam to mill 0,058 MW 2081 kg/hr
Electricity Hot water to mill 118866 kg/hr
0,104 MW . .
Pulp mil 2a-BLG (Sddra Mill)
I — Electricity to biofuel plant
Biomass
» 0,081 MW
1,699 MW ! IP Steam to refinery 0,060 MW
Green liquor 53783 kaihr LPG to refinery 0,104 mw
i 0,283 MW Purge gas to refinery 0,017 MW
Black liquor 0,003 MW 0,001 MW 0,018 MW 0,058 MW
2,202 MW i
25469 kg/r Gasification & WGS AGR (Amine) Methanol Petrol
L[ ASU _— synthesis synthesis
Cold Syngas Shift-gas Sweet-gas Methanol Petrol
1,400 MW 1,402 MW 1371 MW 1,008 MW 0,805 MW
16995 kg/hr 19083 kg/hr 5969 kahr 5393 kgihr 2193 kg/hr
CO2 to mill recovery boiler 7283 kginr
H2$ to mill recovery boiler 214 kghr LP steam to mill 0,115 MW 8091 kg/hr Purge gas to mill 0,050 MW 343 kg/hr
] Bottoms to mill 0,001 MW 536 kghr
Electrici IP steam to mill 0,176 MW 11003 kg/hr
ectricity Hot water to mill 116760 kg/hr
-0,806 MW ) - i
2b-BLG+electrolysis (Sodra Mill)
Pulp mill
—_— Electricity to biofuel plant
Biomass
0,762 MW
0,745 MW 0,163 MW
Green liquor 53723 kghr IP Steam to refinery 0,060 MW
p! LPG to refinery 104 mw
Purge gas to refinery 0,017 mw
0,696 MW
0,002 MW 0,006 MW Electrolysis 0,058 MW
Hydrogen 0,557 MW
Gasification & AGR 755 ka/hr Methanol Petrol
_ L_,|ASU Mix synthesis synthesis
Black liquor Cold Syngas Sweet-gas Methanol
Petrol
1322 MW 0,808 MW 1,345 MW 1,098 MW 0,896 MW
25459 kgihr 16985 kg/hr 10224 kg/hr 9345 kgihr 3801 kamhr

FDOS 05:2020

(c)

2159 kg/hr
232 ko/hr
29 kgihr

(d)

3741 ka/hr
401 ko/hr
51 kgihr



(e)

€02 to mill recovery boiler 5765 o LP steam to mill 0,043 MW 2787 kg/hr Purge gas to mill 0,072 MW 406 kg/hr
H25 to mill recovery boiler 228 kghhr IP steam to mill 0,064 MW 3732 kgihr Bottoms to mill 0,001 MW 498 kglhr
Biomass Electricity Hot Water to mill 186792 kg/hr
0,005 MW
1,040 tawy | Pulp mill 2c-BLG+pyrolysis oil (Sédra Mill)
g Electricity to biofuel plant
) X 0,079 MW

Black liquor IP Steam to reﬁr'!ery 0,060 MW 3474 kgihr
1,424 MW \Green liquor 0.173 MW LPG to refinery g 404 mw 373 kafhr
25469 kgihr i 53784 kaihr Purge gas to refinery 0017 Mw 47 kafhr

Pyrolysis Qil
0,003 MW 0,001 MW 0,017 MW 0,058 MW
0,619 MW
6367 kgihr ‘
Gasification & WGS AGR Methanol synthesis Petrol
ASU synthesis
— —»
—*
o
20% PO/BL Cold Syngas Shift-gas Sweet-gas Methanol
Petrol

2,043 MW 1,365 MW 1,368 MW 1,367 MW 1,098 MW 0,896 MW
31836 kaihr 25077 kalhr 28627 kgihr 9583 kg/hr 8679 kg/hr 3530 kg/hr

Figure C- 2. Energy balance for (a) 1a-Lignin, (b) 1b-Lignin+electrolysis, (c) 2a-BLG, (d) 2b-BLG+electrolysis and (e) BLG+pyrolysis oil in the S6dra Mill inte-
gration case normalized to 1 MW HHYV of biofuel products. Selected mass flows are also shown for reference.
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(a)

Pulp mil Electricity 1a-Lignin (SKKP Mill)
0,130 MW
— Hydrogen
Biomass IP Steam (Indirect) co2 H2504 Water LP Steam [Indirect) | Cocling Water
0,051 MW 548 kg/hr 1510 kg/hr 59677 kgihi 0,620 MW 367537 kg/hr 1163 kaih 0,983 MW
1,928 MW 2789 kgihr 37938 kgih
_________________________________________________________ .
1
1
Weak 1 Retentate - igni o
Black Liquor ! Meambrane Heat 5010 POLO L.\gnln ‘ : Lignin Product Lignin Hydrotreatment
1 Filtration Treatment || Liquefaction ) 1209 MW
3576 MW ! | 7863 kg/hr
207214 kg/hr : 41463 kg/hr I E—
e ___1 .- _-—-— it = I Additive
Permeate Lean BL Strong Gases Wash Water Condensate Additive 163 kghr
0,050 MW
165851 kg/hr 18214 kgihr 503 kg/r 73892 kg/hr 1940 kg/hr 163 kg/hr
Petrol 62 kgh 0,017 MW coz -600 kg/h
Diesel 3744 kgh 0,983 MW Heat 0,370 MW
Fuel Gases 2722 kgh 0,815 MW H2S 43 kgh 0,008 MW
Water 3000 kgh
co 54 kgh 0,004 MW
- _ . (b)
Pulp mill Electricity 1b-Lignin+Electrolysis (SKKP Mill)
- o e L
ectrolys
Hydrogen ik .
Biomass IP Steam (Indirect) co2 H2504 Water LP Steam [Indirect) | Cooling Water Electricity
1,028 MW 0,051 MW 543 kpihr 1510 kg/hr 59677 ko/hr 0,620 MW 367537 kaihr 1163 kgh 0,983 MW 1,220 MW
2769 kghr 27932 kghhi
Ttk e e el e kit i) ol 1
1
Weak 1 Retentate P iani .
Black Liquor ! Membrane Heat S0LO rolo L.\gmn ‘ : Lignin Product Lignin Hydrotreatment
1 Filtration Treatment | Liuefaction L 12090 MW
3576 MW ! | 7863 ka/hr
207314 kgihr : 41463 kgihr L
_———_tlee—-———-—-m——_—_—_le—_————_—_—_——,_,r._—_—_—_—_—_—_,—,—_,—_,_,ee_,_,_,—_,, /47040447 m//m /737 10 I Additive
Permeate Lean BL Strong Gases Wash Water Condendate Additive 163 ka/hr
0,050 MW
165851 kg/hr 18214 kg/hr 503 kgihr 73892 kg/hr 1940 kghr 183 kgihr
Petrol 82 kalh 0,017 MW co2 -B00 kgh
Diesel 3744 kg/h 0,983 MW Heat 0,370 MW
Fuel Gases 2722 kgn 0815 MW H2s 43 kgh 0,006 MW
Water 3000 kg/h
co 54 kg/h 0,004 MW
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CO2 to mill recovery boiler 9432 koihr .
H2$ to mill recovery boiler 190 kg/hr LP steam to mill 0,161 MW 5205 kg/hr Purge gas to mill 0,076 MW 204 kgihr
Bottoms to mill MNIA MW 251 kgihr
IP steam to mill 0,071 MW 2032 kgihr
Electricity Hot water to mill NIA MW 93722 kg/hr
-0,085 MW .
2a-BLG (SKKP Mill)
Pulp mill
[EEEE—
. Electricity to biofuel plant
Biomass
+ 0,020 MW
1,774 MW i IP Steam to refinery g ggp mw
| Green liquor 38210 kathr LPG to refinery 0104 mw
| Purge gas to refinery 0017 MW
" i v v v v
Black liquor i 0,003 MW 0,001 MW 0,017 MW 0,059 MW
2292 W i
20611 ka/hr Gasification WGS AGR Methanol Petrol
L - (Amine) synthesis synthesis
Cold i Sweet-gas
Shift-gas -g Methanol Petrol
1,405 MW 1,407 MW 1,371 MW 1,098 MW 0,896 MW
13026 kghr 14385 ka/hr 4738 kalhr 4283 kg/hr 1742 kahr
CO2 to mill recovery boiler 5781 kgihr i i
H2$ to mill recovery boiler 190 kgihr LP steam to mill 0,155 MW 8029 kglhr Purge gas tomill 0,053 mw 247 kghr
Bottoms to mill 001 mw 405 kghr
IP steam to mill 0,174 MW 8016 kglhr
Electricity Hot water to mill 90549 ka/hr
-0,708 MW
Pulp mill R -
P . , 2b-BLG+electrolysis (SKKP Mill)
Electricity to biofuel plant
_
Biomass 0,687 MW
4 .
0,390 MW | Green liquor 38210 kghr IP Steam to refinery 050 uw
| LPG to refinery 0,104 Ww
| Purge gas to refinery 0,017 Ww
| 0,621 MW
0,002 MW 0,007 MW Electrolysis 0,058 MW
3 Hydrogen 0,497 MW
Gasification AGR 496 kg/hr Methanol Petrol
L, synthesis synthesis
- —
Black liquor Cold Syngas I_‘ Sweet-gas Methanol Petrol
1,428 MW 0,875 MW 1,348 MW 1,088 MW 0,896 MW
20641 kg/hr 13026 kg/hr 7527 kglhr 8875 kg/hr 2796 kg/r
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(c)

1714 ka/hr
184 kg/hr
23 kg/hr

(d)

2752 kglhr
295 ka/hr
38 kagl/hr



€02 to mill recovery boiler 414499 kgmr LP steam to mill 0,087 MW 4632 kghr Purge gas to mill 0,072 MW 332 kghhr (e)
H2$ to mill recovery boiler 207 kg/hr IP steam to mill 0,073 MW 3486 ka/hr Bottoms to mill 0,001 MW 407 kg/hr
Electricity Hot Water to mill 150458 kgihr
0,081 MW
Biomass | F|p mil 2c-BLG+pyrolysis oil (SKKP Mill)
1,049 MW Electricity to biofuel plant
. y 0,078 MW
Black liquor ! IP Steam to refinery 0.060 MW 2842 ka/hr
1,333 MW | Green liquor LPG to refinery 0,104 MW 305 ka/hr
20611 kalhr { 39043 kaihr Purge gas to refinery 0,017 Ww 39 kg/hr
Pyrolysis Oil i
I/ { 0,003 MW 0,001 MW 0,016 MW 0,058 MW
0,612 W i
5153 kglhr '
Gasification WGS AGR Methanol Petrol
L - , .| synthesis synthesis
10,
20% PO/BL Cold Syngas Shift-gas Sweet-gas Methanol Petrol
1,995 MW 1,387 MW 1,390 MW 1,366 MW 1,008 MW 0,896 MW
25763 kalhr 20038 kgihr 22576 kalhr 7839 kalhr 7100 kaihr 2888 ka/hr

Figure C- 3. Energy balance for (a) 1a-Lignin, (b) 1b-Lignin+electrolysis, (c) 2a-BL G, (d) 2b-BLG+electrolysis and (e) BLG+pyrolysis oil in the SKKP Mill inte-
gration case normalized to 1 MW HHYV of biofuel products. Selected mass flows are also shown for reference.

FDOS 05:2020



RENEWABLE TRANSPORTATION FUELS AND SYSTEMS 2018-2021

Rl.
LULEA
TEKNISKA
UNIVERSITET

Smurfit Kappa SODRA

EXN £33 SunCarbon

preem
Swedish
THE SWEDISH KNOWLEDGE CENTRE
Energy Agency FOR RENEWABLE TRANSPORTATION FUELS

www.energimyndigheten.se www.f3centre.se


http://www.energimyndigheten.se/
http://www.f3centre.se/

	preface
	summary
	Sammanfattning
	Nomenclature/abbreviations
	CONTENTS
	1 Introduction
	1.1 Project objectives
	1.2 Report outline
	1.3 Drop-in biofuel pathways

	2 Biofuel production performance evaluation
	2.1 Methods and data
	2.1.1 Study design
	2.1.2 Process modelling
	The separation-hydrotreatment route
	The gasification-catalytic synthesis route
	Material and energy integration with pulp mill and refinery
	Material and energy integration with petroleum refinery

	2.1.3 Energy efficiency assessment
	2.1.4 Economic evaluation
	2.1.5 GHG footprint assessment
	2.1.6 Technology maturity evaluation

	2.2 Techno-economic performance
	2.2.1 Energy efficiency
	2.2.2 Technology maturity
	2.2.3 Economic performance
	2.2.4 GHG footprint

	2.3 Summary of techno-economic performance

	3 Pulp mill aspects
	3.1 Technical effects
	3.1.1 Integration impacts on the mill’s overall energy system
	3.1.2 Other integration related aspects to consider
	The separation-hydrotreatment route
	The gasification-catalytic synthesis route


	3.2 Economic effects
	3.2.1 Methodological approach for estimating the recovery service credit
	3.2.2 Impact on investment cost
	3.2.3 Allocation of synergy to increased pulp production
	3.2.4 Allocation of synergy to biofuel production

	3.3 Summary of pulp mill considerations

	4 Drivers for and barriers to implementation of the studied technology pathways
	4.1 Methodological approach
	4.2 Workshop findings
	4.3 Summary of drivers and barriers

	5 Conclusions
	REFERENCES
	Appendix A – Biofuel production pathways
	The Separation-Hydrotreatment Route
	The Gasification-Catalytic Synthesis Route
	Appendix B – Pulp mill input data
	Appendix C – Detailed balances for integrated biofuel production



