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PREFACE

This project has been carried out within the collaborative research prBgnagmwable transporia
tion fuels and systenfBdrnybara drisnedel och system), Project no. 4240 he project has

been financed by the SwediEhergy Agency and fB Swedish Knowledge Centre for Renewable
Transportation Fuels.

f3 Swedish Knowledge Centre for Renewable Transportation Fuels is a networking organization
which focuses on development of environmentally, economically and sociabyrslsde renewa
ble fuels, and

1 Provides a broad, scientifically based and trustworthy source of knowledge for industry,
governments and public authorities

9 Carries through systewriented research related to the entire renewable fuels value chain

1 Acts as nabnal platform stimulating interaction nationally and internationally.

f3 partners include Swedendés most active univer
well as a broad range of industry companies with high relevance. f3 has no paliicdhaand
does not conduct | obbying activities for specif

areas of interest.

The f3Centre is financed jointly by the centre partners and the region of Vastra Goétaland. f3 also
receives fundingfromMnnova (Swedends innovation agency) a
wards Horizon 2020. Chalmers Industriteknik (CIT) functions as the host of the f3 organization
(seewww.f3centre.sg

This project was carried odtiring the period 1/9 201i631/3 2018. The patrticipating research
groups were Energy Scienceslated Universityof Technology(initially represented by Asa
Kastensson, replaced by Joakim Lundgren as of January 2017), Environmental anSgstemsg
Studies at_und University (represented by Pal Bérjesson), Environmental Systems Analysis at
Chalmers (represented by Matty Janssen) and Industrial Energy Systems Analysis at Chalmers
(represented by Simon Harvey, who was also the project leader).

This report shoud be cited as:

Harvey, S.get. al, (2018)Longterm sustainability assessment of fegsk fuel production
corcepts.ReportNo 2018:13 f3 The Swedish Knowledge Centre for Renewable Transportation
Fuels, Sweden. Available atvw.f3centre.se
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SUMMARY

The number of possible combinations of feedstock, feedstoekgaienent, and downstream pro
cesses folargescale production dfifferent types obiofuel is substantial. Different production
routes will obviasly perform very differently with respect to profitability and carbon footprint.
Furthermore,drgescale production of biofuels requires substantial strategic investment decisions,
requiring a prospective assessment approach. Evaluatfotuod biorefinery concepts using-o
daybés conditions can be heavily mi fturecandd n g,
tions andrelateduncertainties are taken into accourttis work exploresmethodological choices

and assumptionaf TechneEconomicAssessment (TEA) and Life Cycle Assessment (L@w&}h

ods and tools used in four research groups in Sweden for assessing Hieerfeepnomic and

carbon footprinperformancef large future biorefinery concepts

The report presents am-depthanalysisof the methods and tools used in the participating groups,
and clearly establishes the ndedincreased collaboration and data exchange bethieegfinery
processlevelopers, value chain modellers, TEA and LCA practitioners anddasje energy and
material system modellers. Theork presented constitutessignificant step in thidirection by
clearly establishinghe potential strength of prospective TEA and LCA in combination with sce
narios describing possible future developments of the backgemerdy system in which future
biofuel production systems will operafehe report presentgew resultgor one of the biemethane
production routes investigatedtimeii ME T D RMethane as vehicle fuéla wellto-wheel

anal s istadycondwcted by Borjsson et al (2016) with respecteanergy, greenhouse gas emis
sions (GHG) and cost performance. The input data used in the original METDRIV study were
based on average prices/camslGHG emission factorgalid at the time of the studin this

work, newinput datais adoptedhat reflectgpossible energy market development pathways gener
ated by the ENPA@nergy market scenariool developedt ChalmersFor theselectedroduc

tion route, the results show that assumptions for costs and greenhousésgameattors related

to increased use of biomass are of utmost significance, and that there is a clear need for further
work in this area.

Finally, the report discusses some of tfiegjor challenges that remain to be addressed when-devel
oping scenarioxfr t he mMda@ckmgerogy system t o bestudiessed i
of future biorefinery concepts:

1 Handling the possible consequences of future limited biomass availability on biomass feed
stock prices and emission factors.

1 Handling future deslopment of the electric power grid, as well as other taogde grid
energy systems (e.g. district heating) in a cartmmstrained world

1 Integration issuesargescale biorefinery concepts are likely to belecated at existing
industrial sites, whichvill also evolve in reaction to policy instruments, thereby affecting
opportunities for integration of material and energy flows.
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SAMMANFATTNING

Det finns ett tort antal mojliga kombinationer av ravaror, forbehandlingsmetoder och omvand
lingsteknikerfor storskalig prduktion av biodrivmedelDe olika produktionsvagarna har valdigt

olika prestanda vad géaller Ionsamhet och koldioxidutslapp. Storskalig produktion av biodrivmedel
kraver omfattande strategiska investeringsbeslut, iiketeravanceraderamatblickande ut
varderingsmetoder. Att utvardera framtida bioraffinaderikoncept med dagens forutsattningar kan
leda till felaktiga slutsatser, och det ar darfor viktigt att mdéjliga framtida férutséattningar och de as
socierade osdkerheterna beaktas. Detiate belyser de metodologiska @eh antagande av de
metoder fér teknoekonomiska och livscykelanalyser som anvands i fyra centrala svenska forskar
grupper for utvardering av de langsiktiga ekonomiska och klimatmassiga prestanda for framtida
storskaligabioraffinaderikoncept.

Utover en fordjupad analys av de metoder och verktyg som anvands irrespdive forskar

grupper belyser rapporten behovet av utdkat samarbete och utbyte av databiwebdfinadert
processutvecklare, vardekedjeanalytikernteonomiskanalytikeroch livscykelanalytikesamt
energisystemmodellerare. Det arbete som presenteras utgér esmbetgdats i denna riktning ge
nom att belysa den potentiella styrkan av att analysera bioraffinaderikonceframétblickande
teknoelonomiskametoderoch livscykelanalysmetoder i kombination med scenarier som beskriver
mojliga framtida utvecklingsvagar for bakgrundsenergisystenagip&terinnehallemya resultat

for enfallstudie,processvagdior storskaligprodukion av biometan somtvarderades med avse
ende pa energivaxthusga®ch kostnadsprestanda i projektet METDRIV (se Borjesson et al,
2016).Beréakningsdata som anvandddETDRIV -studien baserades pa priser, kostnader och vaxt
husgasutslappsfaktorer som gitiga nar studie genomfordes. Deya resultanraknades fram

med ny inputdata som speglar méjliga framtida utvecklingsvagar for energimarknaden, framtagna
med hjalp av verktyget ENPAC utvecklat pa Chalmedgnna fallstudie visar resultatgligt att

med framatblicknde metoder fas stora forandringar i bade klimatpaverkan och ekonomi jamfort
med tidigare studi€tt exempel dantagandeavseende hur ravarukostnader ockthésgas
utslappsfaktorerna berérs av gamtidautokad anvandning av biomassa

Avslutningsvisdiskuterar rapportenagra stora utmaningar som maste tas hansyn till vid framtag
ning avframtidascenariefor bakgrundssystemethsomar viktigai framatblickande utvarde
ringsstudieav storskaliga bioraffinaderier

1 Hur paverkas bioraffinaderiers @wkostnader och tillhérande utslappsfaktorer nar till
gang till biomasabegiénsas framtiden?

1 Hur kommer elsektorn och andra stora ledningsburna energisektorer att utveokiasld
med omfattande krav pa minskat utslapp av vaxthusgaser?

1 Integrationaspekter: storskaliga bioraffinaderier kommer troligtvis att samlokaliseras med
befintliga industrier, som kommer ocksa att &ndras p g a kraftigt andrade styrmedel, vilket
kommer att paverka forutsattningar for integration av materiedla energiflodena.
Ovanstaende omraden ar viktiga exempel pa fortsatt forskningsbehov.
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1 | NTRODUCTI ON

11 PROJECT PARTICIPANTS

This report explores the complementarity of the methods and tools used in four significant research
groups in Sweden for assessing the loeign sustainability of fossiree fuel production concepts.
Before presenting the background, aims and objectives of the work, we first provide a brief over
view of the participating research groGpssearch profilesf relevance for this workseeFigure

1-1.

CHALMERS ctnergy Technology CHALMERS environmental Systems Analysis
* Industrial energy systems analysis * Life cycle assessments of biorefinery
* Process simulation of biorefinery plants process concepts
* Process integration tools for greenfield and * Prospective life cycle assessment
retrofit design problems * Use of experimental data / scale-up in LCA
* Decision-making under uncertainty * Consequences of methodological choices in
* Techno-economic and carbon footprint LCA studies
assessment of biorefineries using energy * Evaluation and development of life cycle
market scenarios (ENPAC) impact assessment methods

LUNDS UNIVERSITET I y Energy Science

ntal and Energy Systems Studies

&Y 7y

* Process modelling and simulation

» Life cycle assessments of biofuels * Development and use of process integration
* Consequences of methodological choices in tools
LCA studies * Techno-economic assessment of
* Expanding systems boundaries in LCA studies biorefineries
* Biomass production systems and landscape * General energy systems modelling (TIMES
perspectives Sweden)
* Sustainability criteria assessment * Spatially explicit production plant localization

model (BeWhere Sweden)

Figure 1-1 Research profiles of the participating research groups.

1.1.1 Energy Science at LTU (Lulea University of Technology)

The Divisionof Energy Science at LTdonductsenergy systems analystudiesacross a wide

range of different system boundaries. There is a strong focus on process modelling (using process
simulation software such as Aspen Plus), development and application ofsgritegsation tools

as well as on techreconomic assessment (TEA) of various production systems. The technical
analyses typically include material and energy balance calculations, production yields and energy
efficiency calculations. In the economic arsadg, profitability under existing as well as future fore
casted energy market conditions is usually evaluated. Most studies adoffpéamthapproach

using cost and scale factors. More general system studies are also carried out involving-the devel
opment and use of TIMES Sweden and the spatially explicit production plant localization model
(BeWhere Sweden). In these models, different roadmap scenarios are esesiderfuture en

ergy market conditions, energy demands, available resourcé&snetily, the Energy Science group

has wellestablisheaollaboration with the International Institute for Applied Systems Analysis,
which enables them teverage their own expertibsgpr ovi di ng i nput to |1 ASA¢
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analysis tools that are able to optze supply chains and esystems accounting for a number of
ecological and economic objectives.

1.1.2 Environmental and Energy Systems Studies at LU (Lund University)

The Environmental and Energy Systems Studies (EESS) fpouges ommulti-disciplinary stud

ies of energy systems. Different complementary assessment tools and approaches are used in the
research depending on the scope of the analyses. Assessments of-taeidifercycle sustaina

bility of bioenergy and biofuel systems have ba@worereseach areafor more than two decades.

Life cycle assessment (LCA) techrecommonly used, but critical assumptions and methodologi

cal choices (system boundaries, allocation principles, time perspectives, geographical locations,
etc.) are scrutinized. For ample, several studies have been performed calculating the life cycle
GHG emissionsaand environmental performance of Swedish biofuels from a broad systems per
spective, and according to actual legislations regarding sustainability criteria. New restirch ac
ties focus increasingly on broadenithg systems perspectiv®/ combining LCA of biofuels sys

tems and related surrounding systems innew andinnovetiv¢ s i n so caldde.d Aexp
Thus, the EESS group works continuously with methodologieatldpment within the energy and
environmental systems studies area.

1.1.3 Environmental Systems Analysis, Chalmers

The Division of Environmental Systems Analysis at Chalrfmrases a the analysis of industrial
production systems of various kinds. LCA studiase been performed for a variety of production
systems that make use of #iased raw materials (agricultural and forest biomass, pulp and paper
waste streams, etc.) and produce not only energy and fuels, but also chemicals and materials. The
focus has ben on the assessment of technologies that are currently in development for the produc
tion of these types of products. For example, LCAs have been performed for an innovative technol
ogy for the production of ethanol from both agricultural and forest tdentdy modelling this
technology in a future setting, by for instance adjusting the energy mix in the background system
according to projections, an assessment can be made of how this technology will perform once it
reaches maturity. The methodological liogtions for doing such "prospective" LCAs are-cur

rently a focus for research in order to use LCA as a tool for guiding technology development from
a life cycle environmental pokuf-view.

114 Industrial Energy Systems Analysis, Chalmers

The Industrial Enggy Systems Analysis (IESA) group at Chalmers has a long tradition of investi
gating process integration opportunities in industrial energy systems. Process integration (Pl) is an
important approach for identifying opportunities to achieve substantialiyaesed energy effi

ciency and reduced GHG emissions for industrial processes, includingtaigeproduction of

biofuels in integrated biorefinery processes. Profitability and net GHG emissions reduction poten
tial of related investments are assessedquantifying their impact within a future energy market
context. Future energy market conditions are, however, subject to significant uncertainty. The
IESA group has developed methods to handle deersmiking subject to such uncertainty. Candi

date investrants are assessed using different scenarios generated usidgpasertool (ENPAC)

that include future fuel prices, energy carrier prices, as well as indicative values of GHG emissions
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associated with important energy flows related to industrial plaaratipns. By assessing profita
bility for different cornerstones of energy market conditions, robust investment options can hope
fully be identified, i.e. investment decisions that perform acceptably for a variety of different en
ergy market scenarios. Bhépproach is combined with process simulation tools such as Aspen
Plus and process integration tools, mainly based on Pinch Technology.

1.2 LARGE-SCALE PRODUCTION OF BIOFUELS - BACKGROUND

There is currently a wide agreement within the scientific commundauytabe urgent need to curb
anthropogenic emissions of greenhouse gases to the atmosphere. In their most recent Assessment
Report (AR5) (IPCC, 2014), the Intergovernmental Panel ana@é Change states clearly that

Human influence on the climate systeroléar, and recent anthropogenic emissions
of greenhouse gases are the highest in history. Recent climate changes have had
widespread impacts on human and natural systems.

The IPCC report presents a number of mitigation scenarios that lisie@@valentconcentra

tions to low levels (about 450 ppm &€, likely to limit warming to 2°C above piedustrial lev

els). All scenarios point to deep decarbonization, increased efficiency, and increased use of bio
mass feedstock in a number of sectors. The irapoé of welldesigned systemic and cressc

toral mitigation strategies is also clearly emphasized.

Swedends energy and climate policies are in |ir
the Swedish Parliament took a decision on the introducfiarcbmate policy framework for

Sweden containing new climate goals, a Climate Act and plans for a climate policy council. The

new climate goals stipulate that greenhouse gas emissions from the domestic transportation sector
(excluding air travel) must decase by at least 70% by 2030, compared with 2010. Possible-scenar
ios for reaching this target have been presented in a number of policy documents, most recently the
reports presenting the proposals of the GRexty Committee on Environmental Objeci&OU

2016:47) which provided the basis for the new climate policy framework. All such policy docu

ments underline the necessity of substantial simultaneous changes in a number of areas, including
societal planning (to decrease the transportation regeires)y) improved efficiency (to decrease

the energy requirements per unit of transportation service provided) and increased use of renewable
fuels (both in the form of renewable electricity and biofuels).

For largescale production of biofuels, the numbépossible combinations of feedstock, feedstock
pretreatment, and upgrading to biofuel is substantial. There are many different types of biofuel,
and many different possible locations for their production, including stknme plants as well as
integratel plants at existing industrial sites equipped to handle large flows of biomass material. An
overview of a number of such production routeshiown inFigure1-2. Biofuel production rates

based on forestry resids are considered by many experts as the most relevant option for Sweden,
thus the focus of this report will be on this feedstock, unless otherwise noted

Different biofuel production routes obviously perform very differently with respect to profitability
and carbon footprint. Such aspects have been studied in detail by many authors, including work
conducted within the f3 cent(eeee.g.Ahlgrenet al(2013), Anhedeet al(2016) andlanssoret

al (2013)). Largescale production of biofuels requires substd industrial strategic investment
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decisions that take into account a large number of future aspects and uncertainties, requiing a pro
spective assessment approach. For example, the carbon footprint impact related to implementation
of a given productio route will depend on the energy mix in the surrounding energy system, which
will vary over time, as shown by e.g. Jonsson et. al (2013) and Joelsson and Gustavsson (2012)

Sea/Water-based
cultivation

Forest Arable land

Wood, logging
residues (tops,

Industrial &
municipal
solld waste

HVO
T ! Methanol Methan H :
FT-Diese ethano Ethanol ethane ydrogen giodiesel

Figure 1-2 Overview of feedstoclk and conversion pathways for biofuel production. Adapted from
Borjessonet al(2013)

13 METHODS FOR PERFORMANCE ASSESSMENT OF BIOFUEL PRODUC-
TION SYSTEMS

Themostcommonly useanethodgo assess the viability of future biofuel production conceps
TechneEconomic Assessmeand Life Cycle AnalysigseeFigurel-3). The figureprovides an

overview of the main steps included in the economic and environmental assessment of large future
biorefinery concepts, includingow relevant input is generated for TecHfmnomic Assessment

(TEA) as well as Life Cycle Assessment (LCA) of these concepts. The need for prospective assess
ment methods is implicit in the figure. This is due to lack of detailed data about future ¢echnol

gies, and lack of data about the surrounding systems in which these technologies may operate.

TechneEconomic AssessmenlEA) is often used in chemical process design in order to find the
economic optimum subject to physical constraints (heat and aldiatances, thermodynamic im
itations and maximum allowable emissions). Costs associated with compliance with environmental
legislation can be included in the objective function. However, life cycle principles are often incor
porated retrospectively, néd$ing in incremental environmental impact improvement rather than

fuel production routes that minimize impacts acrosduhéife cycle of the product. In the context

of biorefineries TEA generally refer to evaluations of the technical and economicrpence and
feasibility of production concepts for novel bioproducts. TEA may also provide input to cempatri
sons of key performance indicators of different types of biorefinery systems.
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Selection of Selection of

BN  biorefinery feedstock
technology pretreatment

and feedstock technology

Data collection (process
conditions, yields, type of
biomass, source, prices,
products and co-products)

Process modelling
Mass and Energy
balances

Feedback

Techno-Economic Asseéssment
(TEA) &
Life Cycle Assessment (LCA)

Figure 1-3 Overview of main steps in the economic and environmental evaluation of large future bio
refinery concepts

Life Cycle AnalysiLCA) is an environmental systems analysis tool that aims at determining the
environmental impact of a product or service over its §de; from the extraction of raw material

(cradle) to the end of life the of the product or service (grave). The procedure to carry out an LCA
consists of four steps: goal and scope definition, inventory analysis (LCI), life cycle impaet analy

sis (LCIA) and interpretationKigure1-4). The goal and scope defimedetail the subject of the as

sessment and how the assessment is done; during the inventory analysis data related to resources
needed and emissions (environmental loads)e gat hered; these environme
|l atedo into environment al i mpacts during the L
clusions ae drawn.

In addition to techn@conomic and life cycle analysis tools, the desigsustainate biofuel sup

ply chains requires joint consideration of economic, environmental, and social factors that span
multiple spatial and temporal scales. A recent review paper by Zaimes et al. (2015) discusses key
research opportunities and challenges in #sgh of emerging biofuel supply chains and provides

a highlevel overview of the current statd-the-art in environmental sustainability assessment of
biofuel production. The paper suggests that a modular-sedte, multiobjective, supply chain
optimization framework is required to design sustainable biofuel production processes and supply
chains, as shown iRigure1-5. Although the development of such aneilcompassing framework

is obviously highly desirabland scientifically challenging, it can be argued that it is difficult, or
even impossible, to achieve excellence in all stages of the framework. Furthermore, quantifying
and assessing the econemide impacts as well as the ecosystem impacts of novieldbiprodue

tion concepts must take into account that conditions in the surrounding energy system will change,
sometimes dramatically, over time. This increases the level of challenge associated with such as
sessments. Most research groups usually airchééng excellence at one scale, and attempts to
cover several levels usually require strategic collaboration with other research groups.
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Classification glebal warming potential
Characterization acidification potential

Normalization
Weighting Final assessment e.g.
one-dimensional index

Figure 1-4. Life cycle assessment (LCA) framework

1.4 AIM AND OBJECTIVES OF THIS WORK

Contributing to the development of a fllikdgedtool for design and analysis of innovativefuel
production procegsand supply chamis beyond the scope of this project. Instehis workfo-

cuseson the methodological choices amssumptions made when applying TEA and LCA and

other methods and tools to assessing biofuel production processes, according to the system bounda
ries depicted ifFigure1-6. Themain focus is on how methodologiadioices and assumptions can

lead to substantially different results, sometimes conflicting and difficult to interpret. This in turn
leads to at least two, partly opposite problems: 1) assessments made using questionable assump
tions or inadequate methodsynyield misleading results and cause resources to be spent on devel
oping production routes that are not sustainable in thetknng; and 2) conflicting and vague re

sults may lead to uncertainty and paralysi®. strategic investments are postponeti better

data are available. Another key problem is that many-terg assessment studies avoid the issue

of uncertainty by assessing future biofuel production technology assuming current conditions for

the surrounding system. These problems togethestitute a major challenge for industrial inves

tors as well as polieynakers, and underlines the need for research efforts focuseeboessval

uation of the sustainability of future biofuel production processes and supply chains. One way in
which this can be achieved is by using future scenarios for the surrounding system in order to iden
tify robust alternatives for strategic decision support. Such an approach allows the system boundary
usually adopted for TEA to be expanded to a more societal level.
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Low Uncertainty, Field Trials
Low Complexity atboarn
A Femo 3k
e

Field Trials & Irrigation
Lab Scale

Biomass

Yield, Growth Rate

La

b Scale Experiments

Large Scale Crop Models Process Simulation

Ecosystems

High Uncertainty,
High Complexity

ﬂ Optimize over ecological &
economic objectives

+ Determine the set of Pareto optimal
sustainable design solutions

* Identify optimum solution based on
shareholder opinions and/or expert

Jjudgment
L

Economic Objective

Ecological Footprint

4

Figure 1-5 Overview of a Modular Multi -scale, Multi-objective, Biofuel Supply Chain Optimization

Framework. Source: Zaimes et al (2015)
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Figure 1-6 Systemboundaries for TEA and LCA studies of biorefinery process value chains

To better understand the climate impact of newlaised development routes at an early stesge
calledexanteevaluatiori it is important to be able to develop decision suppaistior industry

and politicians as well as to conduct early feasibility assessments. The results gained by this type of
systematic assessment are also important as input to the developers of new technologies-since envi
ronment al i mp a c identiiidd attan esrly stdgs and flaveed prdud@ction concepts

can be discarded. Systematicate assessment also enables structured cooperation between tech
nology researchers and systems researchers, as in the Skogskemi project (see Joelsson ét. al (2015)
in which the potential for largscale production of green commodity chemicals from forestry resi

dues was assessed for three possible sciaas.

The overall aim of thisvork is to: (a) present a synthesis of current knowledge about methodology
and pinciples for assessment of the letegm sustainability of new biofuel production routes with
specific focus on carbon footprint; (b) provide a basis for strengthening Swedish expertise in this
area through increasing cooperation between the leading $vasdidemic organisations involved

in this project; and (c) identify beptactices as well as important methodological gaps in previous
work.

The gecific objectives for the work summarized in this report include the following:

1 Show the importance of a Igiierm approach for assessing both the economic and climate
consequences of possible future changes in surrounding system conditions with respect to
implementation of biofuel production concepts

1 Compilation of a statef-the-art report on methods and appches for assessing new-bio
fuel production concepia a longterm perspective.

1 Describe and compare approaches being used today in the research groups participating in
the project
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1 Compile a collection of case studies, based on earlier work in theipatitig groups,
quantifying the possible magnitudes of differences in results regarding economie perfor
mance and carbon footprint of future biofuel production processes, depending en differ
ences in assumptions regarding ctinds in the surrounding stem.

1 Discuss and compare the different approaches and identify how different approaches can
complement each other

15 REPORT STRUCTURE

Chapters 5 address four different key aspects of assessment approaches for biofuel production
systems, and illustratees aspects by presenting summaries of previous work conducted in the
participating groupsChapter 2 describes methods for Technonomic Analysi¢TEA). The Di

vision of Energy Science at Luled University of Technology conductsdatahe-art researchni

this area, hence Chapter 2 describes methods and tools developed and used by this group and how
these methods relate to the research front. Chapters 3 and 4 explore different aspects of Life Cycle
Analysis(LCA) of biofuel production systems, as develdpad used by the Division &hnviron
mentaland Energy Systems Studied.and Universityand the Division of Environmental Systems
Analysis at Chalmer€hapter 5 describake energy market scenarios developed by the Industrial
Energy Systems Analysis@up at Chalmers for assessing the kegrgn economic and carbon feot

print performance of biofuel productions, and how these scenaridmeassed in TEA and LCA

studies.

Chapter 6 presents new results forMETDRIV studyconductedpreviously (see Borgson et al,
2016)regardinghe energy, greenhouse gas emissions (GHG) and cost performance of existing and
potential new methardeased vehicle systems solutions. The input data used METDRIV

studywere based on average prices/costs and GHG emfssions valid at the time of the study

for the surrounding supply systen@hapter @llustrates how the results change if new input data

based on results generated by the ENPAC (Energy Price and Carbon Balance Scenarios)-tool devel
opedat Chalmers are &sl instead.

Chapter 7 presents conclusions and suggestions for possible future work.
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2 TECHNEOCONOMI C ASSEGEMENTE
GRATED Bl OREFI NERI ES

2.1 INTRODUCTION

In the context obiorefineries TechneEconomic Assessment (TEAgnerally refesto evaluations

of the technical and economic performance and feasibility of production concepts for nevel bio
products. TEA may also provide input to comparisons of key performance indicators of different
types of biorefinery system$he Division for Energy Sciena LuledUniversity of Technology

is one of the leading Swedish research groups in the field of development and application of TEA
methods and tools applied to biofuel production concepts. This Chapter therefore presents a review
of their activities which can bessumed to constitute a good description of stétbe-art in this

field.

A common procedure when performing TEA studiébiofuel production systems is () model
thesystem in a simulation tool such as Aspen Plus or use spheat or mathematicatqgram

ming software ¢.g.Matlab or GAMS) to model and obtain resulting energy and material balances
of the process, for a variety of different conditions (cases); (ii) evaluate the technical performance
using the balances to calculate appropriate effges; (iii) if the plant is a staralone unit, use

the balances directly to size the process units and thereafter estimate the total project investment
and operating costs. If the process is industrially integrated, the material and energy balances are
translated to linear equans and supplied as inputs to Procegedration (PIl) models. The PI

model can be used to calculate resulting overall energy and resource efficiencies of the industry.
The model can also be used for overall system optimizatidtoamake sure that stdptimization

is avoided. An iterative modelling approach between process models didhtbdels is normally

used to ensure that all boundary conditions and constraints are met. The resulting balances are used
to calculate overakfficiencies {ncluding in some cases the impact on energy flows between the
biorefinery plant and the background energy sysem)to find the total project investment and
operating costs.

ThePl models usethy the Division of Energy Scien@ge commont based on mixed integer 4in

ear programming (MILP) sing the Java based software reMINEPAMS or MATLAB in combt

nation with Simulink. The reMIND model structuadoptsa network of nodes and branches to rep
resent a given process via MILP. The method ea&loped by Linkdping University for model

ling of industrial energy systems (Karlsson, 2011). reMIND has been used to analyze a wide range
of various industries, such as the mining/steel industry (Larsson, 2004), foundry industries (Solding
et al., 2009Thollander et al., 2009), pulp mills (Ji et al. 2012; Klugman et al. 2009; Wetterlund et
al. 2010), as well as district heating networks (Vesterlund & Dahl 2015; Wetterlund & Sdderstrém
2010). MATLAB combined with Simulink has been applied in sawmille¢fdn et al. 2016) and

district heating networks (Vestand et al, 2017)Additionally, recent studies have used a generic
stateof-the-art pulp mill, described in detail by Berglin et al (2011), to study concepistégra

tion of biorefinery conceptisasediomass gasificatiotechnology(Carvalho et al, 2017).

Typically, the process modetse based upon experimental d&achdata alone ardowevey of-

ten insufficientsincethe biorefinery processes are interconnected in a commercial setting (i.e.
dustrially integrated). Additionally, the scale of an experiment may not reveal issues that may
emerge at larger plant scales. TEA therefore also requires other types of data (scale factors etc) and
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can thereby aid in solving this scalependent probm and provides quantitative estimates that

take scaling issues into account.

2.2 TECHNICAL PERFORMANCE ANALYSIS METHODS

Andersson et al (2013) summarizes four main methods used for calculating overall energy efficien

cies of biorefinery concepts: (i) usingxad sources of energy carridrased orthe first law of

thermodynamics; (ii) by the use of electricity equivalents; (iii) by converting the mass and energy
flows to their biomass equivalents (except the main product) or (iv) describing the mass and energy

flows in terms of exergy.

Only using mixed sources of energy carriers as outputs over inputs to evaluate system performance
can lead t@n inadequate assessmenbiofuel production systemsgspecially when low quality

energy flows are considered on #ame basis as high quality energy floRe.computing the en
ergy carrier flows tolectricity equivalentss often used as a simple approach to better value the
diverse level of exergy of different streams (biomass, bark, hot water, steam, chemigaidl] etc

energy carriers (final product, biomass, etc) are converted to electricity equivalents according to
efficiencies (qd)

Table 2-1 Electricity generation efficiencies used for calculation of electricity equivalents. Source:

Tuné et al. 2012; Andersson, 2016.

based

Energy carrier

Biomass

Pyrolysis liquid

Methanol

District heating

LP stea 4.5 bar(a) 150°C
MP Steam 11 bar(a) 200°C
IP Steam 26 bar(a) 275°C
HP steam 81 bar(a) 490°C

46.2%
50%

55.9%
10.0%
16.6%
19.6%
22.6%
27.2%

on Tabexlt

avali

abl

e

t echn

It should however also be mentioned that comparing system efficiencies of different production
systems may be problematic and sometitmghly misleading. One reason is that different studies
use different system boundaries for efficiency calculations. But even if the comparisons are made
on equalized basis, it may be difficult. This is due to how the efficiency is defined and calculated
and resulting efficiency differences or improvements are often in direct correlation with how the
industries exploited their resources prior to the integration. The resulting efficiencies are therefore
very sitedependent (Andersso2016).

2.3 ECONOMIC ANALYSIS METHODS

The economic analyses drased on the resulting energy and material balances from the modeling
and include some form of profitability analysis under prevailing or future market conditions. The
time perspective is generally chosen dependintdpematurity of the technology.

Economic analysis can be used to estimate the net present value (NPV) and internal rate of return
(IRR), based on the capital investment, as well as on the variable and fixed operating costs of the
biorefinery. The discoumate needs to be chosen as well as the construction period (normally as
sumed to be 3 years). During the first year, the expenses are the engineering, construction and con
tingency costs. 80% of the total capital investment is normally assumedhimibed during the
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second yeaand the investment is completed in the third y&hebiorefineryis usually assumed
to operate at 75% of full capacity in the third year, and at full cap@acithe rest of the pladts
technical lifetime One month per yeaf downtimeis assumed foplant maintenance

The total capital investments are calculated by determining equipment costs based on literature data
and real tenders. LTU has a uniquénuse database for investment costs, in particular fer bio

mass gasificann plants and downstream equipment. If necessary, equipment costs are scaled as a
function of capacy using the standard power law

C=Ces (S/ Sef)n

where C and S correspond to the investment cost and the production capacity of eeespesit
tively. The subscriptef denotes the investment cost and size of the reference units. The scaling
factorn varies depending on type of equipment and is gdgexreilable in the literature.

The investment costs must usually be updated using the Chemical Emgjriéarit Cost Index

(CEPCI) to compensate for general price changes over time. It is however not recommended to use
CEPCI over a time period exceeding five years, due to uncertainties in value appreciation and sur
rounding world factors (Andersse al,2013).

Prospective economic assessments of future biorefinery concepts involve great uncertainties. The
technology readiness level (TRL) may be very low and experiments only carried ousaalab

No commercial supplier may yet exist, which means thaénders are available and investment
figures can be impossible to find. In this case, calculating the investment opportunities (I0) may be
a more suitable method to compare differentcegis or process configuratiorsgee.g.Heyne and

Harvey (2013); Weterlund etal (2010a). The annu#D is the difference between the operational
cossincluding costs for feedstock, electricity etc. and the revenues from sold products including
green electricity certificates when applicable. A prospective approachi@usly necessary for
conducting such assessmei@is used tcharacterizea sy st embés potentd al to
able and defined as the annual capital cost per unit of produced fuel for which the process achieves
economic brealeven. Future energyarket scenarios can be used to estimate the economic value

of energy flows, feedstock, etc.

Another prospective approach to manage uncertainties is to conduct sensitivity analysis by varying
different parameters independently of each other, in ordetaloae their impact on the techno
economic performance.

2.4 ENVIRONMENTAL CONSIDERATIONS

Environmental performance assessment is beyond the scope of TEA. However, carbon footprint
balances can be easily performed using the same energy and mass balanedsazqput for

TEA studiesFor example, dssil CQ emissions can, when suitable, be assessed in an expanded
system, following the principles of consequential life cycle assessmem.§s@éetterlund et al

2010b, Zetterholm et al 2017)he approach isimilar to that adopted at Chalmers discussed in
Chapterb. Biomass feedstocks are generally considered as limited resources and an increased de
mand for biomass due to changes in a production plant is assumed to lead teasethase of

fossil fuels elsewhere in the expanded system. Thee@f€xrts of the increased biomass use are
taken into account by assuming a reference biomass usage, for exaiipie caith coal in

power plants. Correspondingly, during evaluationthefprimary energy use of a system aloas
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well as global fuel usagare considered. For example, the electricity produced or consumed in a
studied biorefinery system is assumed to influence the surrounding electricity system. Thus the
change in globaluel use due to an altered electricity balance is influenced by the efficiency of the
electricity production of the surrounding system.

2.5 SPATIAL MODELING

Techneeconomic analysis can also be used to identify-effisient localizations of biorefinery
facilities in regions ocountries. The BeWhere model (Leduc, 2009) has been developed in a part
nership between the International Institute for Applied Systems Analysis (IIASAharidivision

of Energy Sciences in Luleand has been used in a number of neglionational and European

studes. The Swedish model, BeWh&weden, was developed for bioenergy facilities in Sweden,
and particularly for analyses regarding integration in existing energy industrial infrastructures and
systems (Wetterlund et al., 2013he strength of the model is that it considers geographical as
pects related to the supply and demand of woody biomass from different sectors (esgecsite
integration possibilities, transportation distance, quantities etc.), as well as exdeto fe.g.,

policy instruments and market conditions). BeWhere Sweden includes existing industrial sites (dis
trict heating systems, mechanical paerd pulp mills, chemical pulp mills, saw mills and oH re
fineries) as potential locations for advant@afuel production, with a number of sigpecific con

ditions being explicitly considered. Multiple possible production routes, biomass feedstocks and
biofuels are included in the model. Furthermore, plausible biofuel scenarios including energy mar
ket mrices, policy instruments, capital investments, feedstock competition, biofuel demand and inte
gration possibilities with existing energy system are used in the evaluations.

BeWhere Sweden is a valuable tool for simulation and analysis of the Swedish srstegnin-
cluding the industry and transport sect@svernmentahgencie®ftenbase their analyses onre
sults from the MARKAL and EME@odels however none of these consider the spatial distribut
ion of feedstock, facilities and energy demands. ®weésl a widespread country with long trans

port distances and where logistics and localization of production plants are crucial for the overall
efficiency. BeWhere Sweden considers this and may thus contribute with valuable input for diffe
rent biofuel prduction stakeholders as well as for government and policy makers. The BeWhere
Sweden model can under different future scenarios, be used to estimate

1 The most cost effective and robust biofuel production plant locations
1 Required investments and costs tacheeertain targets and demands

The model minimizes the cost of the entire studied system. The system cost includes costs for feed
stocks, transportation and distribution costs (feedstock and final products), sgeration and
maintenance costs for ngwoduction plants, costs for imported feedstocks and final products, rev
enues for cgproduced energy carriers, costs of fossil energy used in the system, and costs-and reve
nues related to various policy instruments. In addition to this, the impactsdf@&» emissions

can be internalized in the model, by adding a cost on the supply chaen@s3ions (including

off-set emissions from displaced fossil energy, following the principles of system expansion de
scribed in the Environmental Considerationstion (see Wetterlund et al., 2013he results can

be used to identify and analyze possible policy target conflicts, for example how increased forest
protection areas may contradict targets regarding biofuel production shares. It may further be used
to analyze different proposed policy instruments.
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3 | NTERDI SCI PLITNEAMRSY SSTYUDI E-S OF
FUES FROM A LI PERGPEICHI| VE

3.1 INTRODUCTION

The Division of Environmental and Energy SysseBtudies (EESS)onductds a major and inter
nationally acclaimed group this field of researcliife cycle assessment (LCAg the main tool
used,oftenin combinatiorwith additional analyses to covether aspects such egsts, land use,
policy implications etc. Theselection oimethodological approadnd toolsnormally proceeds
from the research questitmbe addresseavhich may include one or seat scientific fields This
Chapterincludeselected examplethatillustrateresearch approach adopted

3.2 LCA AND DIFFERENT PERSPECTIVES

The LCA studies conducted at EES$S gignificant emphasis dmighlightinghow the results may

vary due to different methodological approacties. exampleFigure3-1 shows how the GHG
performance of different biofuels varies due to different atlonanethods, system boundaries and
reference land use (Borjesson and Tufvesson, 2011). LCAs may be divided between attributional
LCA (ALCA), reflecting the actual situation, and consequential LCA (CLCA), showing the-conse
guences of a changed situatione$édifferent approaches are central to most LCA practitioners,
including the Environmental Systems Analysis group at Chalmers (see Ghelptdittar inte
referenskalla). A hybrid LCA approach is often adopted by EESS in order to covhr bo
perspectives including both allocation and system expansion, average and marginal input data, etc
(Olofsson et al, 2017; Soam et al, 2017; Bérjesson et al, 2015; Lantz and Borjesson, 2014;
Bdrjesson et al, 2012yheresults presented céimusbe usefulinder different situations covering

a variety of research questions and practicpliegtions. Other exampléscludestudies to

develop attributional LCA into a consequential fravoek by building scenarios, including both
averageand marginal data (seeg. Yang, 2016). The weib-wheel studies performed by JRC et al
(2014) alsoadoptsa hybrid approach when calcutag the GHG and energy efficiency

performance of vehicle fuels.

3.3 USE OF LCA TO PROVIDE DATA FOR SETTING POLICY INSTRUMENT
LEVELS

LCA becamea sharp policy tool whea standard for calculating the GHG performance of biofuels

was introduceiht he EUOGs Renewabl e tlatwasringplmebedin2@0® Ew e ( RE
ropean Commission, 2009). RED adopts an allocation apphaesed orthe lowerheating value

of the products and the assumption that residues used as fedustedero upstream emissions.

The main motivation for these simplifications was to propose a calculation procedure that can be

used by economic operators.TAe major drawbacis, however, thasuchsimplifications may not

lead to the promotion of the most optimal biofuel production systems from a broadeeGiblG
sionsperspective.
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Figure 3-1 Contribution to global warming potential, expressed as kg C@equivalents per GJ biofuel,
including different allocation methods and system expansio.he alternative land use reference sys
tem is wheat cultivation (above) and unfertilised grasébelow).

Several environmental systems stugiesdormedat EESS and elsewhere (e.g. Olofsson et al,

2017; Borjesson etl, 2015; Karlsson et al, 201dd)mparehe RED calculation methodmjy with

the system expansion approach recommended by the ISO stdoda@A studieq1SO, 2006).
Figure3-2illustrates the GHG performance of biogas production using various feedstock residues
and byproducts and calculation methodologies (Tufvesson et al, 2013). In the&é&ilation,

current uss of residues as feedstdick alternative product®ftenprotein feeflare not taken into
account In the system expansion approach, the alternative production of protein from dedicated
feed crops is included showing the net GHG performaFioe rapeseed cakeedstock is classi

fied as a byproduct in RED, thus upgtam GHG emissions are included.
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Figure 3-2. Contribution to global warming potential per MJ biogas for the different substrates apply-
ing the calculation methodology inE U 6 s ViRtBoDt allocation and system expansianThe reduction
in GHG emissions compared with petrol and diesel is alsshown (Tufvesson et al, 2013)

Another example of a comparison between the RED and ISO calculation methodology is shown in
Figure3-3, also including reduced soil carbon accumulation when logging residues are harvested
and used as feedstock for biofuel production (Bérjesson et al, 2013). In these cases, the SO calcu
lation methodology leads todtier GHG emissions than the RED methodplo

Coherency is aritical aspect when using input data regarding the primary production system and
the alternative system included by the system expansionagprif marginal data aresed, this

must be done fall the systems included. The same applies when average datensideed.For
example,p e vi 0 u sfetha@d @adudtm systems based on food cre@snetimes mix mar

ginal and average data in an inconsistent way. In some studies, marginal daiagegaepand

ed primary production of feedstock in form of corn, sugarcane or wheat are mixed with average
data for production of protein feed crops replaced by thgrbglucts generated in the ethanol-pro
duction system (see e.g. Searchinger et al, 20083.leads to inconsistent results since the main
products and cproducts are not handled in a comparable way. In the systems studies conducted at
EESS, average input data are used consistently in base cases, also when the system expansion ap
proach is aplied. The mainreason is thahe nature of the bgroducts utilisation are known as

well asthealternative products that are repladedmanyexisting commercial biofuel system

Another reason is that the potential indirect consequences of the phimfg production sys

tems arehighly uncertain andifficult (impossible) to assesMarginal datare thereforeisually

included in the uncertainty analysis and in a coherent way for all the products included. In addition,
issues related to expandeddaurse are often covered in additional stisdhs complements to the

LCAs.
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Figure 3-3. Contribution to global warming potential per MJ biofuel when the calculation methodot
ogy i n EUbds RED asiod apprieeh are gppliede The redugiican ofGHG emissions
compared with petrol and diesel is also shown (Bdrjesson et al, 2013).

The EESS group does not use any explicit LCA saftvwwaodeling tools, such as SimaPro and

Gabi, which are connected to L@dtabases such as Ecoinvelnmistead the group has built dpdk
catedin-house calculation models in Excel anehimuse LCI databases for the biofuel systems
studied, based on actual literature data, contacts with key actdfsiétmntrol of calculationand
associated daia thereby achievesb as to ensure transparendpwever, he LCA studies con

ductedin this manner are often less completgarding all the details in the supply systems-com

pared with, for example, SimaPro calculations based on #aadtidata. However, such an-ap

proach enables the work to focus on identifying the most relevant parameters and processes in the
various biofuel production systems and secure high quality input data, from a technical, geograph
ical and time perspective. Tleat-off criteria are thus somewhat different than in standardized

LCA software tools but still adjusted to make reliable, adexjaatl sufficiently complete LGA A
potential risk of using existing LCI databases, such as Ecoinvent, is that the datasquaditiynes

may be questionable due to the age of the data, its geographical representation, technical relevance
etc. Furthermore, for prospective assessment of emerging technologies and biofuel production sys
tems, corresponding input data is usually netilable in existing LCI databases. In these cases,
results from simulations of larggcale commercial production systems generated using software
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tools such as Aspen Plus can be used instead. lHesgale data aresed as input but trarskd

and adapt to represeriargescale production based on existowgmmercial technologyResults

from Aspen Plus simulations include mass balances, energy inputs and outputs, conversion effi
ciencies etg which are then converted into environmental performance A dtGdies.

3.4 COST CALCULATIONS

The approacladoped at EESSor calculating the production costs of biofuels normally inctude
investment costs, annual costs of capital and the annuity calculation ntethexlisting produe

tion technology, generiiterature data in combination with datacim economic operators arsad.

For prospective assessment of emerging technologies, estimation of future costs is normally based
on data from external modelling studies, for exampleguols such as Aspen Pluauturepoten

tial changes in feedstock costs, energy prices, taxes and other policy incentj\ag eimrmally

covered by simplified sensitivity analyses (see e.g. Lantz, 2012; Joelsson et al, 2015; Bérjesson et
al, 2016; Olofsson et al, 201 Aigure3-4 illustrates results from cost calculations regarding bio

fuel production in Sweden under current conditions, both including commercial and emerging sys
tems (Borjesson et al, 2013). The uncertainty interval reflectstieausan feedstock costs during

the last years, uncertainties in investmentcofemerging technologies etc.

The uncertainty intervalare normally+/- 30% (sometimes 50%9r investment and feedstock

costs (Borjesson et al, 2016; 2013). Furthermoféerdnt levels ofdiscountingrate (e.g. 6%, 10%

etc.) are also included in the sensitivity analyses. The costs are assumed to represent average costs
of currentand future commercial biofuel plants and systems, thus the costs amsioleredcs
futuremarginal costs for feedstocks etc. However, in some situations, changes in future feedstock
costs inthe sensitivityanalyss may correspond to future marginal costs estimated by others, but

this is not specificallgonsidered inheassessments.

3.5 DISCUSSION

The approach of systems studies of biofuels at EESS differ somewhat from systems studies per
formed at other universities in Sweden, such as Chalmers andUnikegrsity of Techrology,

since EESS does not make use of any explicit modelling tool. Ditfepmoaches and methods

are used depending on the research question in focus. Future changes in the overall energy system,
prices of energy carriers etare ofteraddressd by additional sensitivity analyses. Important re

search questions at EESS are lap&cific biofuel systems can be designed to optimise the enaviron
mental performance, also taking into account local conditions, but also how well current assess

ment met hods and met hodol ogi cal choices refl ect

system froma broader perspective.
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Figure 3-4. Estimated production cost of various biofuels under current Swedish conditions, expressed
as SEK per litre petrol equivalent, including an uncertainty intervd reflecting variations in feedstock
costs, uncertainties in investment costs etc (Borjessonad, 2013)
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4 PROSPECTI VEYQAUB EASGSESSMBEMNT OF
FUELS

4.1 INTRODUCTION

Over the years, a large body of work has been built up that uses LCA to determinerthansegmvi

tal sustainability of biofuels (and other forms of bioenergy). Since climate change has been and
continues to be a significant driver for the development and production of biofuels, determining
greenhouse gas (GHG) emissions and their impact onlgl@paing has been one of the focal

points of LCA studies of biofuels (Cherubini and Stramman 2011). However, determining the im
pacts due to land use (land occupation) and land use change (land transformation) of biefuels pro
duction and use, such as impantbiodiversity (see e.g. Lindqvist et al. (2016)) and climate (see
e.g. Searchinger at. 200§, have generatedllot of discussion about methodological aspectsto de
termine the environmental benefits of biofuels. A guideline for the assessment o$éaimapacts

has been developed by UNEP/SETAC (Koellner et al. 2013), but relatively few case studies have
been carried out using this guideline to demonstrate its robustness.

Methods to account for the impactsbadgenic carbon emissions (i@rbon emisions from a re
newablesourcemostly in the form of biogenic C{phave been developed by e.g. Cherubini et al.
(2011) and Pingoud et al. (2012) consensus about these methods hagetdieen reached
(Liptow et al. 2018). Despite these methodologicsliés, LCA is considered to be a powerful tool
to determine the environmental impacts of biofuels production and use.

One of the main general discussions in the LCA commusittye choice of attributional vs. conse
guential LCA, as discussed in detail ire threvious Chapter. This discussion is also relevant for
LCA of biofuels, especially when considering indirect effects of biofuel produstioh asand
transformation (direct and indirect land use change (dLUC and iLUC, respectively)). Such effects
can ke considered in a consequential LCA sitiwe analysis methad change-oriented. Attribu

tional LCA aims at accounting for all environmental impacts of a system and does not focus on
changes due to a decision that is made, and thus cannot be used tofactbese effects.

4.2 PROSPECTIVE LCA

LCA can also be applied in a prospectivedrante setting, i.e. the methodological choices made
to carry out the LCA reflect the future naturetlétechnologybeingassesseddethodology de
velopment for this typef LCA is one of the areas of expertise of the Environmental Systems
Analysis (ESA) group at Chalmers, and the work of this group is the point of departure for the re
mainder of the Chapter.

Prospective LCAs clearly relevant if théechnologyis at the edy developmenstage Further

more, LCAs ar@ncreasingly performeds part of technology development projects (see e.g. Xiros
et al. (2017)). The goals of such LEAre to determine the environmental impactthetechnot

ogy (how does it compare to cuntgechnology?), and to determine its environmental hotspots

(how can the technology be improved frotif@cycle environmental point ofiew?).The results

can help guide technology developers, researchers and industry decision makers towares an envi
ronmentally benign technology or product.
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The definition of temporal boundaries of a prospective assessment is essential. Prospective assess
ments are set at a certain point in the future, and this needs to be reflected in the assessment, both
for the processrgroduct under study (foreground system) itself and the surrounding processes
(background system) with which the former interacts. A recent paper (Arvidsson et al. 2018), be
sides defining prospective LCA (pLCA), gives recommendations for doing prospeCie It

should be noted that prospective LCAs can both be attributional and consequential, however
Arvidsson et al. (2018) focus on prospective attributional LCA. Such LCAs attempt to fully ac

count for environmental impacts of an emerging technologycattain point in the future, and do

not focus on the consequences such a technology may have on the surrounding systems. The cur
rent discussion is however not about the differences between attributional and consequential LCA,
and the reader is referreelWhere (Brandéao et al. 2014, Dale and Kim 2014, Plevin et al. 2014,
Suh and Yang 2014, Zamagni et al. 2012). pLCA
of emerging technologies in early development stages, when there are still opportungesro
vironment al g ui da n Eigured-loshowsnlaejewmlutioraof técknolegy diffa n s 0 .
sion, knowledge about the technology and design freedom. In order to provide guidance te technol
ogy development, a prospectivesassment should be done during the formative phase or early in

the growth phase. The assessment should however be done for a time at which the technology has
evolved to the saturation pteor late in the growth phase.

Formative phase Growth phase Saturation phase

Technology diffusion

Knowledge

o= Design freedom

' "
T T Time

Figure 4-1. Curves representing technology diffusion, knowledge about the technology and design free
dom. tois the time when the assessment is doneijd a future time for which the assessment is done.
Source: Arvidsson et al. (2018)

Arvidsson et al. (2018) focus on three main methodological choices relevant for pLCA:

1. technology alternatives to be modelled;
2. foreground system data including production scale; and
3. background system data.

Theirrecommendations are made based on a non-exharestieg of prospective attributional

LCA studies of a range of different technologies and products (not only including biofuels or other
forms of bioenergy). The recommendations are related to the definition of the scope of the assess
ment. Closely relatedtthese recommendations is the definition of the boundariée eé¢hnical
system under studgs illustratedfor an industriaprocessystem inFigure4-2.
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Figure 4-2. Industri al production system within the bicbased economy

l's it sufficient to define the system as a pr oc
tryBguied2) , resulting i n astan@ Suchaalnarrevdsystem ddlimitat o - g at
tion may be sufficient for the assessment of, e.g. heat integration projects in an existing industrial

plant. Such assessments may, despite their limited scope, have a prospective character due to, e.g.

the introduction btechnology currently in development in a given production plant. Nevertheless,

the outcomes of such projects often also have consequences for the upstream activities, such as the
amount of renewable resources extracted. The system can thus be expéindedtwd | e-t o- gat e
include the extraction dheraw materials and theirse in an industrial proceéseeFigure4-2).

Arvidsson et al. (2018) suggest two approaches for the choice of technology modelling:

1. focusdng on one particular function that can be satisfied by a range of technologies. An ex
ample is the assessment of transportation technologies that are propelled by different fuels.

2. perfform ng fAcradle-to-gated LCAs of aphbuiddgict i on
bl ocks in future ficradle-to-graveo studies.
velopment for bioethanol production from wheat straw (Janssen et al. 2014) or wood chips
(Janssen et al. 2016) which will most likely be used as a transpoffizelin the short
term but in the future may also serve as a building block chemical for e.g. bio-polyeth
ylene production (Liptow et al. 2015).

Besides these two approaches discussed in Arvidsson et al. (2018), studying a specific technology
to undeline a relevant future consideration can also be considered as a modelling approach. In the
case of the example of bioethanol as precursor for bio-ethylene, it can be used for the production of
bio-polyethylene (bio-PE). Bio-PE may subsequently be usetidgoroduction of plastic grocery

bags that eventually will end up in the waste management system where they may be recycled or
incinerated. The technical system can thus be expanded to include the downstream activities (indi
cated by AENdofu-selrisfoe ambiBiburdgd2mnidshould be noted that in the

case of bio-PE, recycling networks exist, whereas in the case of other materials such recycling net
works may not yet exist, and thus waste management scenayideeraa important part of a pro
spective assessment.

Arvidsson et al. (2018) also identify two main strategies for modelling future foreground produc
tion systems and scale (deigure4-3):
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1. predictive scenarios that illustrate solkely development based on forecasts or trend
analysis. Applying learning curves to predict future performance of a technology can be
used to construct such scenarios. Another way to construct predictive scenarios is via the
use of engineerinased scalg laws. Furthermore, current data can be applied to con
struct predictive scenarios when it is plausible that a system does not change within the
time frame of the study.

2. scenario ranges including extreme scenarios. One example is the use of stoichreaetri
tions to model minimum impact scenarios. For heating processes, a low impact scenario
can be modelled by assuming a very high efficiency. Similarly, a high impact scenario can
be modelled by assuming a low heating efficiency.

Parameter 7 Extreme scenario (high) —
value
OB e +* Predictive scenario Scenario
o QW - = —
Current value 3‘:—‘ range
s 3(-‘ -L' w?® Prediction Sratus quo
- - T o o e - -
<~ Extreme scenario (low) =
+ + Time

ly I
Figure 4-3. Different scenario types in prospective LCA as proposed by Arvidsson et al. (2018)id the
time when the assessment is done;i$ a future time for which the assessment is done.
Data sources for modelling foregralisystems typically include scientific articles, patents, lor la
results.

Lastly, Arvidsson et al. (2018roviderecommendations for the modelling of the background sys
tem:

1. apply asimilar stategy as for the foreground systemnsing predictive scenari@s sce
nario ranges. One example is to use predictive scenarios for the fossil energy mix in a
country (Janssen et al. 2014).

2. omitthe background system altogether wierforming pLCA of a technology in del-
opment. The results of such studies can therobpled to a specific background system
depending on the goal of the study.

These strategies can be employed in order to avoid a mismatch between the foreground and back
ground systems.

Spatial boundaries also need to be defined in prospective assesasergsyssed in Secti@b.

This is of particular importance for the potential origin of the biomass used, for the location of a
production plant that uses this biomass, but also for the location of wheyéuztps used and dis
posed of. These considerations stem from taking a product perspective. A landscape perspective
offers an alternative view, and may, within the scope of an emerging bio-based economy, provide
insight into how to sustainably manage asd the land that is to provide biomé&sisproduction
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systems (Borjesson et al. 2017). These two perspectives can be integratpterasntedy
Hammar et al. (2017), in order to determine the climate impact of willow energy by combining life
cycle assesnent with geographic information system mapping.

Defining the system boundaries strongly depends on the goal of the assessment. For example, if the
goal of the assessment is to determine the environmental hotspots of costighntrefor a tech
nologyunder development, an attributional approach that fully accounts matbnmental im

pacts or costsan be sufficient (see e.g. Janssen et al. (2014), Janssen et al. (2016)). If the assess
ment's goal is to determine changes in environmental impactsts due to use of the technology

in development, then a consequential approantoilikely to be appropriate. Typicallythis in-

cludes an expansion of the system bound#miascount for these changes and what effect they

may have on other systemsoh detailed knowledge of the surrounding systems and their com

plexity may thus be required in a consequential approach. In the case of prospective assessments,
an additional consideration is the uncertainty of what a production system will look likénat an

dustrial scale, and what the saunding systems will look likat a certain point in the future. Pro

spective assessments may therefore not be able to incorporate the required level of detail depending
on the modelling approach that is taken, or thtaitlmay not even be relevant for reaching the

goal of the assessment. Rather, prospective assessments will provide guidance to stakeholders us
ing scenario and sensitivity analytesover possible future situations for the system under study,

as discusgkin ChapteFel! Hittar inte referenskalla..

4.3 VARYING THE FUTURE BACKGROUND SYSTEM

One strategy that Arvidsson et al. (2018) mention for modelling future background systems is the
use of predictive scenarios. In the LCAs of ethanol produdtmm wheat straw and wood chips

under high gravity conditions (Janssen et al. 2014, Janssen et al. 2016), scenarios for the share of
fossil fuels in the future energy mixes in Denmark were constructed. This was done because these
LCA studies found that large share of the environmental impacts is caused by enzyme production
and use. The production of these enzymes is situated in Denmark and uses a significant amount of
fossil resources (Liptow et al. 2013). The constructed scenarios were based orbgtudies and
Mathiesen (2009) and the Danish Energy Agency (2011), and they predict the Danish energy mix
in 2015 with a fossil share of 80%, in 2030 with a fossil fuel share of 67%), and 2050 with a fossil
fuel share of 50%. Furthermore, the fossil fuét itself changes by largely phasing out coal use

and replacing it with natural gas, while maintaining oil use. This analysis was done for three pro
cess configurations for the wheat straw- based and for the wood chips-based ethanol production
(Figure4-4 andTable4-1, respectively).
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Figure 4-4. Global warming potentials (GWP) (in kg COz.eqper liter of ethanol produced from wheat
straw) due to projected changes in the Danish energy mix of the: a. base case (10% DM, 7.5 FPU, all
process strategies, yield = 92%); b. high gravity process configuration with the highest yield (30% DM,
PEG addition, Cellic CTec2, 7.5 FPU, PSSF, itk = 89%); c. high gravity process configuration with

the lowest yield (30% DM, Celluclast, 5 FPU, SHF, yield = 27%)

The results show that, for both feedstocks, the total GWP of the configurations decreases by ap
prox. 30% when the share of fossil energiyaduced from 80% to 50%. The contribution to GWP
due to enzyme production deases significantly (ca. 40%s shown irFigure4-4 for thewheat

straw ethanol productiofhis result indicates that the enviromtad impact of the process config
urations can be improved significantly &gloptng a cleaner enzyme production. Combined with

the results of analyses done for the foreground system (enzyme recycling and on-site (instead of
off-site) production of enzymefhese results point out that by reducing enzyme use and by cleaner
production of enzyme, either on- of off-site, a significantly decreased environmental impaet of eth
anol production under high gravity conditions can be achieved.

Table 4-1. Global warming potentials (GWP) (in kg COz,eqper liter of ethanol produced from wood
chips) due to projected changes in the Danish energy mix. This was done for th¢ base case (detoxii
cation with Na2S204, PSSF at 12% DMind 30°C); b process configuration with the highest yield at
20% DM (washing of slurry, PSSF at 40°C)and c) process configuration with the highest yield at 30%
DM (adaptation of yeast + extra nutrients, SHF at 30°C)

Fossil share in energy mix
80% R015) | 67% (2030) | 50% (2050)
Process configuration GWP [kg C£qper litre ethanol]
a)Base case 3.4 3.0 24
b) Highest yield at 20% DM 2.7 2.4 1.9
c¢) Highest yield at 30% DM 3.1 2.7 2.1
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) ENERGY MARKETI ® GERM®OMR ASSESSME
OF FUTUREEGRATHDEBI RODUCTI ON
CONCEPTS

5.1 INTRODUCTION

This Chapter focuses on methods and tools developed by the Industrial Energy Systems Analysis
(IESA) group at Chalmer®rofitability and net GHG emissions reduction potentiduaire ad

vanced biofuel production conms must be assessed by quantifying their impact within a future
energy market context. Future energy market conditions are, however, subject to significant uncer
tainty. As discussed in Chapteel! Hittar inte referenskélla., one way to handle decisianakng
subject to such uncertainty is to evaluate candidate investments using different scenarios that
include future fuel prices, energy carrier prices, as well as indicative values of GHG emissions
associated with important energy flows related to indugileent operations. By assessing

profitability for different cornerstones of energy market conditions, robust investment options can
hopefully be identified, i.e. investmentaigons that perform acceptably for a variety of different
energy market scenas.

5.2 SCENARIO TYPES AND THEIR USAGE

A useroriented overview of scenario types and techniques and their usage in the vast field of future
studies is presented in Borjesson et al (2006), who distinguish between three main categories of
scenario studies: pridive (What will happen?); explorative (What if?); and normative (How can a
certain objective be reached?). For each scenario category, the resolution is then increased by dis
tinguishirg two different scenario types.

Predictive scenarios regarding the kground system can include forecast scenarios andifvhat
scenarios, as discussed in Sectldh Forecasts focus on what will happen on the condition that a
likely development occurs. Whdtscerarios focus on what will happéf a specific event occurs.

Such scenarios are primarily drawn up to make it possible to plan and adapt to situations that are
expected to occur. The annual OECD/IEA report World Energy Output (OECD/IEA, 2016a) is a
well-established example of predictiseenarios in which medium to lotgrm energy projections
using the World Energy Model (WEM) are presented. The New Policies Scenario takes into ac
count the policies and measures that affect energy markets that had been adapted-281df, mid

and typifies the Whaif approach. The Current Policies Scenario is also a \i¥lsatenario which
considers only policies for which implementing measures had been formally adopted as of mid
2016 and makes the assumption that these policies persist unchanged. Threod&Ns a large

scale simulation model designed to replicate how energy markets function and is the principal tool
used to generate detailed sedigrsector and regicby-region projections for the World Energy
Outlook (WEOQ) scenarios. Developed over mgaars, the model broadly consists of three main
sections covering:

1 final energy consumption including residential, services, agriculture, industry, transport
and norenergy use

1 energy transformation including power generation and heat, refinery andratisfor
mation and

1 fossitfuel and bioenergy supply
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Outputs from the model include energy flows by fuel, investment needs and cosgsniSSions

and eneluser pricing and these outputs are calculated for each of the 25 regions modelled in the
WEM. An exensive effort is undertaken each year to incorporat®-giate energy and climate

related policies and measures into the modelling and analysis. The methodology and assumptions
behind the World Energy Model are discussed in detail in (OECD/IEA, 2016b).

Nor mati ve scenarios can be used to addr éss the
Preserving scenarios investigate how the target can be reached by making adjustments-to the cur

rent structures. Such scenarios often describe how a certaincandst met costfficiently. Optt

misation energy systems models such as TIMES are often used in this context. The TIMES model
generator was developed under the OECD/ I EAG6s Er
(ETSAP). TIMES is a technology rich, bott-up model generator, which uses linear programming

to produce a leagiost energy system, optimized according to a number ofspseified con

straints, over the medium to lotgrm. It is used for "the exploration of possible energy futures

based on cdmasted scenarios”. Normative scenarios also include transforming scenarios, often

used in backcasting studies. The result of a backcasting study is typically a number -dfittarget

filling images of the future, which present a solution to a societal pmltgether with a discus

sion of the major structural changes that woul
Scenario is a typical example of a transforming scenario. This scenario assumes a set of policies

that bring about a trajectory of GHG esions from the energy sector that is consistent with the

goal of the limiting the rise in the lortgrm average global temperaturet&, and illustrates how

this might be achieved.

5.3 ENPAC TOOL FOR CONSTRUCTING ENERGY MARKET SCENARIOS FOR
ASSESSING ECONOMIC PERFORMANCE AND GHG EMISSIONS REDUC-
TION POTENTIAL OF INTEGRATED BIOREFINERY INVESTMENTS IN
INDUSTRY

Scenario consistency is very important, i.e. different energy market parameters must be elearly re
lated to each other within a scenario (e.g. via keyggneonversion technology characteristics and
substitution principles). For constructing consistent scenarios, a calculation tool incorporating these
inter-parameter relationships is essential. For this purpose, the Energy Price and Carbon Balance
Scenaris tool (ENPAC) was developed by researchers at Chalmers for assessimgrtieemim-

pact of Pl measures, as described in Axelsson et al (2009) and Axelsson & Harvey (2010). The tool
wasupdated in 2014 (see Axelsson &wettersson, 2014) and more recgiril 2017 (see Axelsson,
2017). The environmental impact is restricted to Global Warming Potential. The frequent updates
stem from (a) the pace of change of the international energy scene, as portrayed by the-annual re
leases of the WEO reports; (b) newuggments and insights resulting from a number of research
projects that have used the tool.

The purpose of the ENPAC tool is to compile insights from major international energy market
modelling efforts as well as output from energy market and policy sembuch as World Energy
Outlook and to make them available in a simplified form for industrial deersi@kers. The main
purpose of the tool is to investigate the economic performance and GHG emissions consequences
of possible future energy project invesnts at an industrial process site, and can thus provide data
about background system characteristics for prospective LCA studies. The tool adopts a conse
guential approach with system expandimavoid impact allocation issues. Consequences of
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change irthe surrounding system are assessed by making assumptions about possible marginal
changes in the surrounding system as a result of changes at the process site. Based on these as
sumptions, the tool calculates energy prices for lamjeme users based ongsible future world

market fossil fuel prices and relevant policy instruments (e.g. costs associated with emitting GHGs,
incentives for increased use of renewable energy sources in the electric power market or increased
use of climateneutral fuels in théransportation market), and key characteristics of energy conver
sion technologies in the district heating and electric power seEigtse5-1 provides an overview

of the usage of ENPAC for generation of energy market scerfariassessment of energslated
investments in industry.

Different optional energy projects

£ b 4

Electricity price

The ENPAC tool

Robust investment
options

{for constructing Fuel prices
energy market
scenarios)

CO, emissions
-

associated with
marginal energy

Consequences for
global CO; emissions

N J 7 4§ J J
Y Y D £ N
Construction of... ..consistent energy ..evaluation of energy ...10 identify robust solutions
market scenarios for... orolects in industry with low CO. emissions

Figure 5-1. Overview of the usage of the ENPAC tool for generating energy market scenarios for-as
sessment of energyelated investments in industry,
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Figure 5-2. Overview of calculation modules in ENPAC for different energy market segments

Figure5-2 provides an overview of the calculation modules included in ENPAC for ctlaukn

ergy carrier prices as well as GHG emissions for 6 different energy market segments. Hereafter

these modules are presented very briefly. However, the reader isddfeprevious work (Axels

son and Harvey, 2010; Axelsson dPettersson, 2014; Ax&don, 2017) for a detailed presentation

of the assumptions and models included in the modules.

1 Required user input data fossil fuel prices on the world energy market (crude oil, natural

gas and steam coal) and charge for emitting. Eor markets with sigjficant regional dif

ferences (such as the natural gas market), North European energy market data are consid
ered. Other policy instruments can be included on an optional basis. In its current form,
ENPAC includes the possibility to include production sdiesi for fossilfree motor fuels

arnd/or electric power generation.

Fossil fuel module calculates the market price for light and heavy heating fuel oil for in
dustrial consumers based on the crude oil price, based on historical data. Includes costs for
conwersion and distribution. Steam coal and natural gas prices for industrial users are cal
culated in a similar way.

Motor fuel module: Calculates product price at pump of conventional motor fuels (petrol
and diesel) from crude oil price, based on historiezd

Electricity module: identifies the base load power generation technology with lowest lev
elized COE for different future energy market conditions, i.e. thealed build margin.
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For near future conditions (2020), the Operating margin is identifteel s€lected technol
ogy depends on capital costs, fuel prices and policy instruments. Future electricity prices
are assumed to be close to COE for base load build margin generati@mi{S€ions re

lated to electricity are assumed to be according to emissibthe load build margin

power plant, as discussed in Elforsk (2006 & 2007) and Nordic Energy Research (2016).

1 Waste fuel module Calculates the willingness to pay (WTP) for waste fuel based on mar
ginal cost for increasing waste incineration in a Wastenergy (WTE) plant. The mar
ginal WTE capacity is assumed to be CHP instead of heat only. Consequently, WTP for
waste fuel depends on the electricity price and the marginal investment cost

1 Wood energy module nonupgraded biomass fuel is an energy ediritat is often dis
cussed when investigating future developments in the forest industry, e.g. as a residual
product in a highly efficient pulp mill plant, or as feedstock for a future biorefinery plant.
In order to quantify the economic value of or the@Hhiitigation potential of this type of
energy carrier, the ENPAC tool makes assumptions about the possible future marginal user
of biomass fuel. ENPAC currently allows 2 possible marginal user categories:f{ihgo
with coal in a coafired power plantonnected to the North European bhse power
grid; (2) conversion to biofuel in a biorefinery. It is furthermore assumed that biomass is a
limited resource, thereby the GHG mitigation impact can be calculated on the basis of the
corresponding quantityf fossil fuel (coal or petrol/diesel fuel). However, this is a simpli
fied model, in part because biomass markets are regional in nature, due to transportation
costs, and in part because the marginal users of biomass vary from region to region. This
moduleis thus in need of significant further development.

1 Heat module calculates WTP for excess heat delivery from an industrial plant to a district
heating system based on the identified price setting technology in a representative heat
market.

5.4 OVERVIEW OF PROCESS INTEGRATION STUDIES OF FUTURE BIO-
REFINERY CONCEPTS CONDUCTED USING ENERGY MARKET SCENAR-
I0S GENERATED BY ENPAC AND COMPARISON WITH OTHER METHOD-
OLOGIES FOR SIMILAR TYPES OF STUDIES

The ENPAC tool has been used extensively by researchers in the bidusétigy Systems Analy

sis group at Chalmers. Holmgren et al (2016) use energy market scenarios to compare economic
performance and carbon footprint of different integration options for gasifieb¢éised biofuel
production systems producing synthetic naltigas, methanol, or FT (FischEropsch) fuels. The
integration options considered are heat delivery to a district heating system or a nearby industrial
process plant, or integration with infrastructure for.Gtrage. Similar studies have been-con

ductda for integrated gasificatiehased biorefinery options for oil refineries (e.g. Johansson et al.,
2013), pulp and paper mills (e.g. Isaksson et al., 2012), bulk chemical production (Arvidsson et al.,
2015) andlistrict energy plants (Heyne ahtarvey, 20B). The focus of these studies was to eom
pare the performance of potential investments. Energy market scenarios can also be used for struc
tured analysis of strategic investment decision making applied to biorefinery options. Examples of
such analyses indalie the work of Jonsson et al. (2013) and Pettersson & Harvey (2012). Finally,
energy market scenarios can also be used for prospective optimization studies of future strategic
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investments in biorefinery projects. For example, Svensson et al (2014) extppatential

value of flexibility in the planning of pulp mill energy and biorefinery projects and demonstrates

how this value can be incorporated into models for optimal strategic planning of such investments.
The paper discusses the requirements opplienization models in order to adequately capture the
value of flexibility. It is suggested that key elements of the optimization model are multiple points

in time where investment decisions can be made as well as multiple scenarios representing possible
energy price changes over time.

Energy markets scenarios generated using ENPAC have also been used by other Swedish research
groups for investigating biorefinery opportunities. $agDifs et al (2010) for investigation of

biorefinery plants in a distt heating system. However, a more common approach is to consider a
single set of energy market parameters, and to conduct sensitivity analyses for a number of selected
parameters. This is the approach adopted by e.@r&sih et al. 2015), Bérjesson atdgren

(2010), and Hannula amgrpiainen (2015). Advanced investment planning tools for biorefineries

have been developed recently by researchdtsaié Polytechnique de Montréal. In Dansereau et

al. (2014), an integrated supgidhain planning framewdérfor forestindustry biorefinery concepts

is presented. It is based on optimizing a superstructure to help decision makers identify different
supply-chain policies to adapt to different market conditions. It integrates revenue management
concepts, actiwtbased cost accounting principles, manufacturing flexibility and stgd@in

flexibility in a tactical model to maximize profit in a prigelatile environment. However, as in the
previously mentioned research papers, the case study results presddtaddiua single set of

energy market parameters, and sensitivity analysis isrpged for selected parameters.

Systematic methodology for ex ante assessment of biorefinery concepts has been develeped by re
searchers at the Copernicus Institute of Sudtéenaevelopment at Utrecht Univessin the Neth

erlands (see e.aygin et al, 2014 and Broeren et al, 2017). The approach used for scenario
analyses builds in part upon consistency assumptions, however, standard sensitivity analyses are
also included irthe approach prested.

5.5 ILLUSTRATIVE EXAMPLE: COMPARATIVE STUDY OF FISCHER-TROPSCH
(FT) PRODUCTION AND POST-COMBUSTION CO; CAPTURE AT AN OIL
REFINERY: ECONOMIC EVALUATION AND GHG BALANCES USING
ENPAC SCENARIOS

55.1 Introduction

This section summarizes the fings of the work of Johanssehal (2013a). The purpose is to
highlight how ENPAC can be used for strategic lomign assessment of different development
routes for energy efficiency improvements and GHG mitigation in an ewdfigient complex oil
refinery.

Two new and promising lowarbon technologies for the oil refinery were chosen in the study:
- Case 1: Biomas®-FT fuel production (Integrated with the refinery (a) and staiode fa

cility (b))
- Case 2: Postombustion C@capture and storage of refiry CQ emissions
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In both alternatives, the FT syncrude refining is conducted in existing refining urgsy@e@ssed
along with crude oil. The capacity of the refinery units is assumed to be sufficient; no changes to
the rdinery structure are necessary

5.5.2 Methodology

Energy and mass balances were performed for both cases. For energy usage and excess heat esti
mations, process integration calculations were performed, both for the biorefinery plant itself and
for the integrated system with the oil refinery.

Based on data and results from previous work by the authors (Johansson et al, 2013b & 2014), a
prospective assessment was conducted in which the economic performance and reduction of GHG
emissions associated with integratioradfiomasgo-FT fuel processverecompared with intro

duction of a postombustion C@capture plant at the case study refinery. The general methodol

ogy followed the steps outlined below:

- Definition of the studied system boundaries and the surrounding systems used for evalua
tion of the studied systems.

- Calculation of the current excess heat at the case refinery, by extracting the refinery pro
cess streams and flue gases that are currently cooled with utility (air and cooling water)
based on information in Andersson et al (2013). Théabla excess heat is then assumed
to be recovered and used as a heat source for driving the solvent regeneration unit in the
postcombustion C@capture plant.

- Identification of the heat demand in the refinery processes based on data and results in An
derson et al (2013). The heat demand is considered as a heat sink for excess heat from the
biomassto-FT process.

- Determination of energy balances including identification of available excess heat from a
heat inegrated FT syncrude production.

- Assessment ohe possible potential for the two technologies to be heat integrated with the
refinery.

- Calculation of the resulting energy balances after heat integration and comparison with the
reference refinery.

- Identification of emission factors related to the sundbog systems (e.g. electricity gener
ation and replacement of fos$ilels) using future energy market scenarios generated with
the ENPAC toal

- Estimation of the investment costs (CAPEX) for process equipment

- Prospective assessments of the net annudt firafluding CAPEX and operating costs
OPEX) and GHG emissions reduction compared to the reference refinery using different
future energy market scenarios generated using ENPAC.

5.5.3 Use of ENPAC for generating energy market scenarios

The economic performanaoéd the investments in the studied technologies and the associated im

pact on GHG balance were assessed using consistent energy market scenarios generated using the
ENPAC tool. Note that the scenarios were generated using an earlier version of ENPAC in which

the CQ charge and levels of fossil fuel prices were varied independently, in agreement with the
structure of previous versions of energy futur e
scenarios were based on combinations of different levdtssil fuel prices and C{xharges. The
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fossil fuel prices represent different developments in the fossil fuel market, and the charges for CO
represent weak to strong ambitions to decreasee@(ssions. Four different scenarios were re
tained with a viewo outlining possible cornerstones of the future energy markefigee5-3.

Fossil fuel prices:
-crude oil %
-natural gas

sl | High-Low | | High-High
High Scenario 3 | | Scenario 4

Low-Low Low-High
Scenario 1| | Scenario 2

Low

CO, charge
Low High z 8

Figure 5-3. Energy market scenario structure

The year 2030 was chosen for a preliminary assessientnore detailed study, estimations for
several different years must be performed. The input data for the two levels of fossil fuel prices
were taken from World Energy Outlook 2010 (OECD/IEA, 2010). The two levels of future charge
for emitting CQ weretaken to be the highest value and the mean value for 2030 presented in
roadmap reports from the European Commission (2011) and Eurelectric (2009).

It was assumed that the highlume user of wood fuel with the highest willingness to pay is the
marginal pree-setting user for wood fuel. In the scenario with a low charge for EDfacilities

were assumed to have the highest willingness to pay for wood fuel, whereas coal power plants have
a higher willingness to pay in scenarios with a high charge for @@ level of support for renew

able electricity and fuels were set to represent an average value for Europe at the time of the study.
The energy market scenario data used in the study is preseifizléb-1.

Table 5-1. Energy market parameters for the different scenarios. The prices are for year 2030
Input data to ENPAC

Fossil fuel price Lowlow Lowhigh Highlow Highhigh
-/ NUzZRS 2Af oexkaz2 Ko 43 43 62 62
- blFGdzNF £ 3l a Oekaz2 KO 32 32 40 40
-/ 2Kt dexkaz?2 KO 7 7 11 11
CQOKI NHS) 6ekii/ h 45 106 45 106
Support for renewable electricite (k a %)K 20 20 20 20
Support for renewable fuel (diesel fuels)e k an?) K 26 26 26 26
Supprt for renewable fuel (gasolin€ dzSf & U e € K 35 35 35 35
Scenario tool output Scenario 1 Scenario 2 Scenario 3 Scenario 4
Electricity priced Kk a %)K 69 77 78 89
GHG from electricity generation (Kieqd MWhey 259 259 805 259
Build marginal technology for electricity production Coal w. CC¢ Coal w. CC¢ Coal wCCS Coal w. CC¢
Price of low grade wood fuél € k an2) K 28 49 38 53
Alternative user of wood fuel FT CCS Coal FT CCS Coal
Natural gas priced € kK and)K 37 37 45 45
FT Diesel gate pricee K and) K 69 86 90 107
FT gasoline gate prigee Kk and) K 62 79 81 98

* Price on the European market inclusive transit and distribution costs.
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554 Resulting net annual profit and GHG emissions for the studied cases

Figure5-4 shows the system boundaries considered for calculating the net @nofit and the

GHG emissions reduction potential for the different cases considered. As shown in the figure, the
study adopted a Welb-Wheel perspective, i.e. upstream emissions associated with biomass feed
stock harvesting and preparation are considleas well as emissions at the plant site and emissions

associated with endse of the fuel.
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Figure5-5 presents the results for the studied cases under the four different energy market scenar
ios considered. The net annual profit and the global GHG emissions are presented as the change
compared to the reference refinery.

ANet Annual Profit [M€/y]
REF, FT fuel production

100600  -400 200 00 200 400 600 (Casela)
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Figure 5-5 The net annual profit and global GHG emissions for the studied cases and the studied-sce
narios.

As expectedall the stuied caseshow a reduction in GHG emissions compared to the reference
case (negatie @g !l obal GHG emi ssions). The margi nal
same for all studiedcenarios, except for Scenario 3, dhd resulting reductions of global GHG
emissions arthusthe same for these scenarios. Since all the studsss ¢ave a net import of
electricity, the increase in generation of marginal electricity will decrease the global GHG emission
reduction. In Scenarios 1, 2 and 4 the marginal electricity generation technology is coal power
plant with CCS, whereas in SceiwaB the marginal electricity generation is coal power. For that
reason, the global GHG reduction is greater in Scenarios 1, 2, and 4 where tlen&diGnas
sociated with the marginal electricity is lower. The two levels of GHG emission reductioh for al
the studied cases are therefore related to the net electricity import, and thus the case with a small
net electricity import will have the smallest difference between the two levels of GHG emission re
ductions (i.e. the staralone FT case). The G@aptue case has, not surprisingly, the largest

global GHG emission reduction potential. The reduction is solely due to the capturefod@O

the refinery processes. The larger reduction in the integrategiii€fudecase compared to the
standalone case idue to reducedatural gasisage. Furthermore, the stasdne casgenerates

more electricity. However, this does not affect the global €@issions as much as the amount of
natural gas that could be saved in thegrdated FT case in scenarios in whibke marginal elec

tricity generation is coal power with CCS.

In Scenarios 2 and 4, where a high charge for emittingv@® assumed, G@apture shows the
largest net annual profit. It should however be noted that the level of the charge EmiS€lons
isvery high i n t hes.eCOemisipralovanses dorstiuée thé énty soGree
of revenue in the C£xapture case, which makes this alternative very sensitive to the charge for
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emitting CQ. For the CQcapture process to be profitajglee charge for emitting COnust ex
ceed the C@avoidance cost. A rough interpolation shows that the @&0idance cost must exceed
a value of around 75 u/t CO

The heat integrated FT case is profitable in three of the studied scenarios (Scenarios4}, [dand
Scenarios 1 and 3, where a low charge fop ®&s assumed, integrated FT fuel production shows

the largest net annual profit. These scenarios are characterized by a lower price for wood fuel than
in Scenarios 2 and 4. The biomass price is very inigitenarios 2 and 4, but for Scenario 4 this is
compensated by a high selling price for the FT fuels. The stlam& FT case shows no profitabil

ity in any of the studied scenarios. The explanation is that the large amount of natural gas that can
be savedn the heat integrated FT case generated more revenues than the extra electricity that is
generated in the staradone case.

In summary and within the context of this study, if the charge fori€figh then investing in a

CO, capture plant is more praédible than investing in FT fuel production. However, a low or-mod
erate charge for Cneans that investing in a heat integrated FT fuel production would be a more
profitable alternative for a refinery than €€apture.

555 Conclusions

The primary conclusions ¢the investigation were the following:
- A high charge foemittingCO:; is essential for C@capture to be profitable.
- A high charge foemitting CO; favours CQ capture, whereas a low charge forG&
vours FTsyncrudeproduction.
- Support for renewable fuproduction is essential for Feyncrudeproduction to be profit
able.

Additional conclusions for the conditions and assumptions valid in this study are:

- Integrated FTsyncrudeproduction is most profitable in scenarios with a low wood fuel
price. The stattralone alternative does nathieveprofitability in any of the studied sce
narios.

- The CQ capture case is only profitable in scenarios with a high chargarfitting CO..

- Of the studied alternatives, GCapture shows the greatest reduction in globaG&rhis
sions.

- The results for all cases are sensitive to a change in the capital recovery factor, which is
due to high investment costs.

- Without the option to capture and store the concentratedstC€am in the FT process the
potential for reduction in GH@missions in the FT cases significantly decreases.

Based on the type of conclusions discussed above, an industrial board of directors can take strategic
decisions about future integration of new technologies/systems. To do that, the board must decide

abou general assumptions regarding e. g. future developments of energy prices and policy instru

ments, although not in detail. The general trends discussed above should form a firm basis for stra
tegic decisions. I f a t echaeawihagyablsleva of profitai s f o ur
bility and/or emissions reduction in all or a majority of scenarios, that solution should be of interest

to study further. In this case the integrated FT plant was found to be nearly robust (in 3 scenarios

out of 4). Cawversely, the standlone FTwasfowh t o0 be 0 ne gea hotpvobtdbleinr obust
any of the scenarios, and can therefore be ruled out for further consideration.
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6 COST AND GHG BALABGNCEATI ONS FOR
SELECTEDVMBTHAREODUCTI ON CON
CEPTS FROWMEHADBRI VO PRIONGCITN US
PUT DATA GENBEBRANIGED HE ENPAC TO

6.1 BACKGROUND

In the METDRIV project(seeBdrjessoret al, 2016), the energy, greenhouse gas emissions (GHG)
and cost performance of existing and potential new methased vehicle systemslgtions were
analysed. Two different conversion technologies were incluateakrobic digestion of organic

waste feedstock, and thermal gasification of forest residuals. The input data used in METDRIV
werebased on average prices/camtslGHG emission faors valid at the time of the study for the
surrounding supply systenighis section illustratesow the results change if new input data based

on results generated by the ENPAC (Energy Price and Carbon Balance Scenarios) tool developed
by Chalmers and Pio are used instead. The ENPAC data include future, estimated marginal

prices and GHG emission factors for possible future conditions in the surrounding supply systems,
as required for prospective consequential analysis. Thus, the overall aim of tiigidgse to i

lustrate the importance of transparently describing the assumptions made in systems studies regard
ing the type of input data that are used, and the corresponding consequences if other types of input
data are chosen.

The METDRIV project invesggated a number of alternative production routes for producing bio
methane. The different routes were assessed with respect to thetoWaitk (WTT) and Wel
to-Wheel (WTW) performance. The energy market scenarios generated by ENPAC are primarily
intenckd to be used for assessing investment options at an industrial process site,-teGAke|
(WTG) performance. Furthermore, the ENPAC tool was developed considering material and en
ergy flows of relevance for larggcale industrial processes and dodscoatain information about
organic waste fractionsf municipal solid waste. Theork therefore focusedn the WTG perfor
mance results for a single bimethane production technology, namely a lesgale thermal gasti
cation plant based on oxygélown, drculating fluidized bed gasification technology producing
200 MW of biemethane from 320 MW of forest residuals (50% moisture content by weight). The
main material and energy input/output flows of relevance are summariZatle6-1, based on

data provided in the METDRIV report (Borjessetal, 2016), which were in turn based upon a
feasibility study performed by E.ON (Fredriksson Mokemal, 2013).
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Table 6-1. Main Input/Output flows for the thermal gasification-based biemethane plant investigated
in the METDRIV study. Note: the plant is assumed to operate for 8000 h/yr. However, district heat de
livery is only assumed to be possible for 5000 h/yr.

INPUT FLOWS
Biomass (forest residuals, 50% m.c.) 320 MW / 2560 GWhlyr
Electric power for ASU, feedstock handling and product gas compress 24 MW / 192 GWh/yr

OUTPUT FLOWS

Bio-Methane 200 MW / 1600 GWhlyr

Onsite electric power generation 16 MW / 128 GWhlyr

District heat delivery 10 MW / 50 GWhlyr
6.2 GHG EMISSIONS PERFORMANCE ANALYSIS

In this section, the results from the METDRIV project regarding methane production from thermal
gasification of forest residuals fuels are evaluated from a GHG perspectigeausbnsequential
approach with marginal GHG emission factors. The system boundaries adoptagatd (WTG)
perspective, thus excluding distribution of the methane to filling stations as well as use of the fuel
in internal combustion engines for traostation purposes. The original GHG calculations in MET
DRIV adopted an attributional LCA approach with mean values of GHG emissions from the energy
carriers utilized, such as electricity, wood fyelg. In this case study, the calculations in MET

DRIV are revised using marginal values of GHG emissions instead, based on input data generated
using the ENPAC tool, which are in turn based on two of the scenarios presented in the-2016 edi
tion of | EAOGs Worl d Ener Taple6-Qprdvitles anlovelviGneoCtiie/ | EA, -
GHG emission factors associated with theiigthane plant input/output flowlSor comparison,

the GHG emission factors utilized in the original calculationsénMETDRIV study are also

shown.

Table 6-2. GHG emission factors for years 2020, 2030 and 2040, for selected energy carriers in the
ENPAC tool (kg CO2/MWh)". For comparison, GHG emission factors utilized in the METDRIV pro
ject are also shown.

Energy carrier 2020 2030 2040 METDRIV
np 450 np 450 np 450

Electricity 856 856 0 0 0 0 126

Wood fuels alt. 1 9 9 9 9 9 9 14

Wood fuels alt. 2 119 119 127 401 127 401

Diesel 289 289 289 289 289 289 290

NG 248 248 248 248 248 248 248

Gasoline

* GHG emission factors for electricity refers to build margin. The scenarios are as follows: (i) np: World Ererg
look 2016¢ new policies, and (i) WEEH0: World Energy Outlook 20£&50 ppm.

Wood fuels alt. 1: direct emissions from collectirand transport. Wood fuels alt. 2: indirect marginal emissions
including alternative use of the wood fuels replacing various fossil fuels. The METDRIV data include Norédic e
tricity mix and only direct emissions from wood fuel collecting and transporb(soil carbon changes etc).

The weltto-gate (WTG) emissions presented in the original METDRIV study are based on-the cal

cul ation methodol ogy applied in the EU6s Renew:
factor for electricity thus represent tNerdic electricity mix (se&able6-2) and the emission fac

tors for wood fuels (logging residues) correspond to alternative 1, i.e. emissions associated with
collection and transport operations are included but potential changeis @arbon content etc

are excluded.
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6.3 RESULTS AND CONCLUSIONS OF THE GHG EMISSIONS PERFORMANCE
ANALYSIS

Figure6-1 shows WTG GHG emissions from the methane production systems calculated using
marginal GHG emissn factors generated by the ENPAC tool for two future scenariod édse

6-2). For comparison, the WTG GHG emissions calculated in the original METDRIV study are
also shown, as well as the fimicle emissionsfgetrol and gasoline according to RED. A coRclu
sion fromFigure6-1 is that the use of ENPAC data (alternative 2), instead of current average data
regarding GHG emissions, will have a significant impact on the @ettdrmance results of the
biomassbased methane. The GHG emissions will b8Q@imes higher for wood fudlased me

thane when the indirect marginal emissions including alternative use of the biomass replacing vari
ous fossil fuels are included (i.e. aftative 2 compared to alternative 1). Also, the GHG emissions
will be 33% lower than fossil liquid fuels regarding all the WE€Ww policy scenarios, whereas the
GHG emissions will be twice as high for the WB60 scenarios 2030 and 2040, compared to fos
sil liquid fuels. When only direct emissions are included (alternative 1), the ENPAC data leads to
similar emissions as the METDRIV study and equivalent&®%conpared with fossil liquid

fuels.

WTG GHG emissions

2020-ng-alt. 1

2020-np-alt.2

2030-np-ait 1

2030-np-alt.2

2040-np-ait.1

2040-np-ait.2

kg CO; eq/MWh

Figure 6-1 Well-to-gate (WTG) GHG emissions recalculated from the original METDRIV study using
GHG data from the ENPAC tool.
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6.4 ECONOMIC PERFORMANCE ANALYSIS

Table6-3 shows the cost factors used in the analyi$is. cost factorfor the METDRIV project

reflect average prices/costs valid at the time of the study (i.e. 2015). Note also that Swedish policy
instruments in 2015 granted a premium to all production of electric power from renewable energy
sources. Thereforeosts and reanues for all orsite power usage and power export are treated

separately. For ENPAC calculations, only tle¢ mower balance is consideréa. discussed previ

ously, the ENPAC electricity price calculati on:¢
price is assumed to reflect the base load build margin technology with the lowdstddwast of

generation among a pool of candidate technologies.

Table 6-3 Cost factors for years 2020, 2030 and 204@rfselected energy carriers in the ENPAC tool

@/ MWh) . For comparison, cost factors wutilized in th
data reported in METDRIV in SEK were converted to U

Energy carrier 2020 2030 2040 METDRIV

np 450 np 450 np 450 (2015

Electicity (purchased) | 52 51 61 61 66 71 53,4

Electricity (sold to 42 41 51 51 56 61 42,7

grid)

Wood fuel 21 19 28 41 35 54 21,3

District heat 26,21 23,85 34,44 49,74 42,68 65,03 26,7

Natural gas 34 33 48 58 55 67 38

CQcharge™ 6 € k (i 2| 18 18 33 90 45 126 n.r.

*The METDRIV study considered the market prices for CNG and LBG, which are not relevant for a WTG stud
price indicated in the table reflects the average price paid by large volume industrial consumers in Sweden in
which is assumed tbe close to the gas grid wholesale price in ENPAC.

”The CQ@charge is an indicative value of the cost associated with emitting fossiltG®©assumed that this value
applies to all user categories in all sectors of the economy. This cost is embeddientfier ENPAC cost factors,
where applicable.

In ENPAC, the market price for low grade wood fuel is based on the estimated price a reference
alternative user is willing to pay compared to a (felsaded) substitute. This assumption is compa
rable to alernative 2 in the GHG emissions calculations, and it reflects a situation in which bi
mass is a limited resource, leadingapidly increasing wood fuel prices, especially in the piad
scenario. It is beyond the scope of this work to discuss thetyadidihe wood fuel price develep
ment model in ENPAC. However, it should be noted that the price development for fherd50
scenario indicates a price level in 2040 that is approximat®ligher than current price levels.
Such an increase is much highiean price increases discussed by a number of detailed studies of
possible development of the Swedish igrade wood fuel market, even for scenarios based upon
substantial development of the Swedishl@ed economy (see e.g. Poyry, 2016).

The revenuerbm sales of district he& based upon an alternative heat production cost for heat
produced in a boiler (85% efficiency) fired with low grade wood fuel, and 15 SEK/MWh operation
and maintenance costs.

The performance indicator selected for the analgdise brealeven production cost for bime-
thane (in SEK/MWh). Important input data for the analysis are listédlte6-4. The METDRIV
calculations were performed using the annuity method. The capital costanveralized using the
economic lifetime and interest rate factors liste@able6-4. The annual cash flows were assumed
to be constant during the lifetime of the plant, and were estimated based on the OPE3taxbsts
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in Table6-4, and the monetary values of the input/output flows listethinle6-1 were estimated
using the METDRIV cost factors listed Trable6-3.

Table 6-4. Input data for the economic performance analysis of a largacale biemethane production
plant. NOTE: cost data reported in METDRIV in SEK was converted to U using exchage rate 937
SEK/0.

CAPITAL COSTS
Plant investment costs nyn ae€
Economic lifetime and interest rate 25 years; 6%

OPERATION COST DATA

OPEX (incl. catalyst, personnel and maintenance) MTZIM aekeN
Annual operating time 8000 hfyr
District heat delivery 5000 hlyr

The ENPAC based calculations were performed using the net present value (NPV) method. This

was necessary since the cost factors associated with energy carriers are assumed to change over the
lifetime of the plant. The analysis assumes overnighsttuction of the plant in 2018, and steady

state operation of the plant from 2019 to 2043. The annual cash flows are estimated in the same

way as for the METDRIV calculations. However, the cash flows vary from year to year. The cost
factors listed inTable6-3 are assumed to vary linearly during periods 22090 and 203@043,
respectively. The annual change (absolute value) of the value of the produoaetiéme is as

sumed to vary in the same way as naturaligdable6-3. The brealeven production cost calcula

tions can thus be performed by estimating the value of thmbibane gate sales price that yields a

zero value for the NPV of the investment.

6.5 RESULTS AND CONCLUSIONS OF THE ECONOMIC PERFORMANCE
ANALYSIS

The results (seBigure6-2 below) show clearly that the required brealen sales gate price for
bio-methane is substantially higher than the comparable market pricatfwal gas. It can be

noted thatompared to the simplified annuity method calculations performed according to the
METDRIV study, the more detailed NPV calculations do not offer any significant new insights
garding the relative additional productiomst of bicmethane compared to natural gdewever,

the economic analisillustrates the impact of significant possible variations of key cost factors
sulting from the ENPAC scenarioBhe significant increase over time of the charge for emitting
fossi CO; leads to a major increase of the market price of natural gas, but it also leads indirectly to
a significant increase of the cost of the biomass feedstock for timadtf@ne plant. It should also

be noted that the biomass feedstock is the main dest ¢h the calculations, thus the cost factors
associated with the other input/output flows to the plant do not affect the results to any loticeab
extent in this specific case
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Figure 6-2. Break-even gae sales price for biemethane (BicCH4) calculated with METDRIV and
ENPAC data (NP and 450 scenarios). Note that for the ENPAC calculations, the results show the
break-even gate sales price over the lifetime of the plarithe market price of natural gas (ncluding
costs for CQx emissions) are shown for comparison.

Table6-5 presents cost breakdown results per produced MWh ehbitbane. The table clearly

shows the impact of the rapidly increasing cost of the igrfeedstock in the different ENPAC
scenarios, especially the 450 scenario. It can also be noted that the feedstock cost dominates the to
tal OPEX costs. The table also shows that the assumptions used in calculations lead texeebreak
bio-methane gate jme that is the same as the total OPEX in 2043 in theogB0scenario, which

is due to assuming that the price development fenigthane will follow the same price inere

ments as natural gas, and that NPV calculations heavily discount cash flowsistahefdture.

Table 6-5. Cost breakdown for the breakeven gate sales price for bianethane according to
MET DRIV and ENPAC calculations. All costs are expressed i?MWh biomethane

METDRIV ENPAC NP Scenario ENPAC 450 Scenario
2015 2018 2030 2043 2018 2030 2043
Feedstock] 34,15 31,36 4.8 59,36 23,36 65,6 92,64
Other operating costs| 13,18 11,91 12,04 11,96 12,05 11,56 11,46
TOTALOPEX] 47,33 43,27 56,84 71,32 35,41 77,16 104,10
Break-even Bio-methane gate price] 70,81 65,49 82,29 91,39 78,14 94,94 104,04
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7 CONCLUSI ONS AOIK OLAOR FURTHER
WORK

This work aimed at compiling stateof-the-art report on methods and approaches for assessing

new biofuel production concepts in a letggm perspectivel he participatingresearch groupsere

Energy Sciences at Luled University of Technology, Environmental and Energy Systems Studies at
Lund University,Environmental Systems Analysis at Chalmers, and Industrial Energy Systems
Analysis at Chalmers. Together, these groups constitute a significaof fee Swedish research
expertise in the field of development and applicatiomethods and tool®r assedsg the viabit

ity of future largescale biofuel productiotechnologies and systems.

The methods and tools that are commonly used to assesalihigy of future largescale biofuel
productionconcepts include Techreconomic Assessment (TEA) and Life Cycle Asaesst

(LCA). The mainfocusof the report was to provide an overview of the current research status of
these analysis methods basedaogoing researcithin the participating groups, and to highlight
importantmethodological choices am#cessarassumptionselated to application ofEA and

LCA methods and toolfer assessing biofuel production proces3é® report also presents a se

ries of case studidsased on earlier work in the participating groups, quantifying the possible mag
nitudes of differences in results regarding economic performance and carbon footprint of future
biofuel production processes, depending on differences imasi®ns regarding conditions in the
surrounding systenMany of the case studies illustrate thmportance of a longerm approach for
assessing both the economic and climate consequences of possible future changes in surrounding
system conditions with spect to implementation of biofuel production concepts

One key insighof the studywas that traditional TEA studies are increasingly being expanded to
include a number of environmental impacts that have conventionally been addressed by ECA stud
ies. Thereis thereforea clear need for increased collaboration and data exchange between many
R&D stakeholders, including biorefinery technology and process developers, value chain model
lers, TEA and LCA practitioners and largeale energy and material systendeiters.This work

made a significant step in this directiondgarly establisimg the potential strength of prospective

TEA andLCA in combination withscenarios describing possible future developments of the back
ground energy system in which future foiel production systems will operatehnd ENPAC (En

ergy Price and Carbon Balance Scenatios)was presented. This tool wdeveloped at Chalmers

for generating consistent sets of future energy market prices and carbon emission factors that can
be usedn prospective TEA and LCA studieBhe ENPAC tool was developed with the aim of
compiling results and insights from major energy systems modelling studies (such as the Interna
tional Energy Agencyds annual Worl dsultEandingy Out |
sights intorelevant and significantly different cornersta@reergy markets scenarios structured in a

way that is useful for strategic decision makers in industng. scenarios presented in the report

show clearly that key parameters of r@lege for assessing the economic and climate performance

of biorefinery concepts can vary significantly more than the stande&8d%/often considered in
sensitivity analyses. The scenarios allow decision makers to conduct packaged sensitivity analyses
andto identify robust decision options, i.e. concepts that perform satisfactorily for a range of sce
narios.
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A case study was conducted with the purpose of illustrétieagowerful potential of combining
techneeconomic analyse with prospective LCA in comhimawith future energy market scenar

ios generated using ENPAC. The case study exampleweagfdhe biemethane production routes
investigated inhe METDRIV projectthat investigated methane production and usage as vehicle
fuel adopting a wellto-whed perspective (see Borjesson et al, 2016). The Iscgke gasifica
tion-based production route wasassessed using a combination of stdtthe-art prospective

TEA and LCAbackground energy system scenarios. The METDRIV project andlyseshergy,
greemhouse gas emissions (GHG) and cost performance of existing and potential new-methane
based vehiclsystems solutiong'he input data used in the original METDRIV study were based

on average prices/costs valid at the time of the study, as well as GH®arfassors valid at the

time of the study for the surrounding supply systefhss work investigated how the resultg a

affected by adopting new input data reflecting possible energy market development pathways gen
erated by the ENPAC tool. Using this @atwas possible to perform economic analysis using the

net present value method to discount annual cash flows for the lifetime of the plant. For the produc
tion route that was selected, the results show clearly that assumptjanginggreenhouse gas

emission factors related to increased use of biomass are of utmost significance, and that there is a
clear need for further work in this ardde economic analyses illustrate the impact of significant
possible variations of key cost factofde significantncrease over time of the charge for emitting
fossil CQ leads to a major increase of the market price of natural gas, but it also leads indirectly to
a significant increase of the cost of the biomass feedstock for timadtf@ne plant. It should also
benoted that the biomass feedstock is the main cost driver in the calculations, thus the cost factors
associated with the other input/output flows to the plant do not affect the results to any noticeable
extentin this specific case

In conclusion, this wdx clearly established that there is a need for prospective assessment methods
which address the related challenges arising from the lack of detailed data about future-technolo

gies, and lack of data about the background systems in which these technodygasenate. In

traditional TEA and LCA studies, potential future changes of key parameters are often included in
directly by conducting sensitivity analysis, but there is a clear need to make such sensitivity

anah ses more Afut ur e I sse dotential futdre chdngea in key pakhmes c u s s
ters based on input data from e.g. energy system modelling results etc.

Somemaj or chall enges that remain to be -addressed
groundo energy system are as foll ows:

1 Handling he possible consequences of future limited biomass availability on biomass feed
stock prices and emission factors. This is particularly challenging given that biomass can
be used both as fuel in the energy sector and as feedstock in the basic materighsecto
price-setting mechanisms as well as climate consequences of biomass usage are-character
ized by complex ir@rdependencies between sectors.

1 Handling future development of the electric power grid, with increasing share of intermit
tent energy supply sawell as other largscale grid energy systems (e.g. district heating) in
a carborconstrained world

1 Considering integration issues. Laigale biorefinery concepts are likely to bel@cated
at existing industrial sites, enabling synergy effects vasipect to integration of material
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and energy flows. However, the host industrial processes themselves will also evolve in re
action to policy instruments, and it is important that prospective studies consider such
changes as well as the changes endtarrainding energy system.

Other issues that should be addressed in further work include the following:

1 System boundary issues, in particular methodology differentiation for condo€tmmy
term sustainability assessments of fofgie fuel production congés for individual plants,
as opposed to assessments for complete industrial sectors.

1 Development of strategies and guidelines for establishinrgftaitvhen conducting conse
guential analysis of implementing biorefinery concepts, without risking to capajoe
impacts on economic performance and carbon footprint
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