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Abstract

In delivering on the world’s climate goals, removing carbon dioxide from the atmosphere
is required in addition to deep mitigation efforts. As no carbon dioxide removal method
stands out as an obvious winner, which, how, and how much of these technologies should
be deployed to guarantee efficient, sustainable and permanent carbon dioxide removal
remains a fundamental research challenge. One potential option, bioenergy with carbon
capture and storage (BECCS) is likely to play an important role. BECCS's ability to sus-
tainably remove carbon dioxide from the atmosphere is, however, controversial. Given
the range of potential outcomes, it is crucial to understand how, if at all, this technology
can be deployed in a way which minimises its cost and impact on natural resources and
ecosystems, while maximising both carbon removal and energy production. In this dis-
sertation, we explore the regional drivers of BECCS sustainability and cost, and provide
insights into the where, when, and extent of environmentally sustainable and econom-
ically viable BECCS deployment. We conclude that the total quantity of atmospheric
carbon dioxide removal and energy production over the lifetime of a BECCS project,
and the time required to start removing carbon dioxide from the atmosphere will likely
vary from project to project. This has profound implications for the policy frameworks
required to incentivise and regulate the widespread deployment of BECCS technology.
When optimising regional biomass supply chains, we find that a myopic focus on en-
ergy generation and carbon dioxide removal can result in negative consequences for the
broader environment, which warrants consideration for all impacts when assessing the
performance of a BECCS project. Finally, when exploring least-cost BECCS deployment
pathways to meet global carbon dioxide removal targets, an important finding is that
inter-regional cooperation and collaboration are central to sustainably and affordably
meeting these targets, with important value creation opportunities for key providers of
carbon dioxide removal.
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{pesticide}

Fuel requirement of land preparation
(once in a crop lifetime)

Fuel requirement for crop maintenance
and harvest

Irrigation energy requirement

Cost of machinery use

Labour use

Driving distance within farm

Energy requirement (fuel) for biomass
size reduction (D)

Power requirement for process k €
{D, G, P, C, PG}

Agricultural residues parameters

RR(D) %DM Residue recovery if b agricultural
residue

CR(b) %DM Residue collection rate if b agricultural
residue

Nuw %N Fraction of nitrogen in residue avail-
able to the field

Py %p Fraction of phosphorous in residue
available to the field

Ko Y%k Fraction of potassium in residue avail-
able to the field

Climate parameters

Tiow(sT,m) ° Monthly average low temperature

Thign(sr,m) ° Monthly average high temperature

ns(sr,m) hrs Monthly average daily sunshine hours

Upy (sr,m) m/s Monthly average wind speed at 2 me-
ters

RH,yean (sr,m) % Monthly mean humidity

P(sr,m) % Monthly precipitations

z(sr) m Elevation of weather station

D(sr) ° Latitude of weather station

Energy parameters
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EL;

LHYV;

ERSumens
FEgr,

FEsturo

MJ/kg

MJ/unit

MJ/unit

MJ/kg
L/(km.tWM)

I\/lJ/(km.tWM)

Embodied energy in input product i €
{N, P10s, K0, lime, seed, pesticide}
Embodied energy in fuel j € {diesel,
biodiesel, wood pellets, natural gas,
coal, HFO}

Lower heating value of fuel i € {diesel,
biodiesel, coal, natural gas, wood pel-
lets}

Fuel use for the transport of supplies

Fuel efficiency in road transport for
biomass format f & {pellet, chip,
bale}

HFO efficiency in pellet sea transport

N, O emissions parameters

EFN add
EFN,volutilized

EFNH,-N+NOy—N

EFN,leuching

kgn,0-N/ken
kgN,0-N

/KgNH, —N+NO, N
KENH; - N+NO,-N
/ken
kgn,0-N/ken

N,O-N emission factor for N addition
N>O-N emission factor for N volatiza-
tion

NH3-N+NO,-N emission factor for N
addition

N»O-N leaching factor for N addition

NLeaching kegn/kegn N fraction leaching in the ground water

Carbon parameters

CF; kgCO» /unit Carbon footprint of input 1 €
{N,P>05, K70, lime, seed, pesticide}

CFelec,AU MJ/unit Carbon footprint of electricity in the
BAU scenario (before decarbonisation)

EF; kgCO,/L Emission factor (direct emission + car-
bon footprint) of fuel j € {diesel,
bioD, NG, HFO, wood}

EFsupTrans kgCO,/kg Emission factor for the transport of
supplies

EFrr,f kgCOy/(km.twn) Emission factor of road transport of
biomass format f € {pellet, chip,
bale}

EFstHaro kgCOy/(km.twn) Emission factor of sea transport of
biomass pellet

ILUC(I) kgCOy/ha Indirect land use change emission co-
efficient

Luc() kgCO,/ha Direct land use change emission coef-

ficient
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EFrs

%C02captured

Emission factor from CO; transport
and storage

Power plant parameters

FITg;,, (b)

Fit function of fuel flowrate in power
plant

FITg,,,, () Fit function of water flowrate in power
plant

FITnpo(b) Fit function of the power plant net
power output

Cr Y%wm Coal-biomass co-firing proportion

Recs % CCS capture rate

LoadFactor % Power plant load factor

Ceoal Y%owm Coal carbon content

HHV, MJ/kgpm Coal HHV

Areap ha Power plant area

Financial parameters

IR, - interest rate of infrastructure m €
{pellet plant, power plant, CO; trans-
port network} or {PeP, PP, CO2T}

PL yrs BECCS project lifetime

LT, yrs lifetime of infrastructure m & {pel-
let plant, power plant, CO, transport
network} or {PeP, PP, CO2T}

Cost parameters

Cost;(sr) $/unit Cost of input i € {N,P205, K50, lime,
seed, pesticide}

Costyap(st) $/hr Agricultural labour cost

Costygna(st,l) $/ha/yr Land rent cost

Cost;(sr) $/L Cost of fuel j € {diesel, biodiesel}

Cost}(sr) $/kg Cost of fuel j/ € {NG,wood,coal}

Costrr s $/(km.twm) Cost of road transport of biomass for-
mat f € {pellet, chip, bale}

CostsTHro $/(km.twm) Cost of sea transport of biomass pellet

CAPy,(sr) $twm Capital cost of infrastructure m €

{pellet plant, dryer, CO; transport
network} or {PeP, D, CO2T}
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OMp(sr) $twm operational cost of infrastructure m €
{pellet plant, dryer, CO, transport
network, power plant} or {PeP, D,

CO2T, PP}

capacot(sr) tCOy /yr Capacity CO; transport network

Miscellaneous parameters

CN,O—-N—=N,0 Conversion factor NoO-N-N,O to N,O

Cp—p,05 Conversion factor P to P,0s5

Ck=K,0 Conversion factor K to K,O

Cc..co, Conversion factor C to CO,

GWPn,0 kgCO»/kgn,0 Global warming potential of N,O

SRy %DM Solid recovery of process k €
{SR,D,G,P,T}

MLy %DM Moisture loss during process k €
{SR,D,G,P,T}

TMCyying Y%owm Target moisture content after drying

HRevap,drying MJ/tHZO,evap Drying heat requirement

Hboiler NG Y%LV Drying boiler efficiency with natural
gas

Hboiler,bio Y%LV Drying boiler efficiency with biomass

CElec—spe(ST,e) Power to primary energy conversion

Ci_Elec(sT/0) - Fuel j € {diesel, bioD, NG, HFO,

wood} conversion to electricity conver-
sation efficiency

In the following table, set1 = (sr,st',b,p,p',t), set2 = (sr,st',b,l,p,p',t), set3 = (sr,sr",b,l,p,p’ te).

Selected calculated parameters

Symbol Unit Description

Crop yield

Indpar (yr) - Harvest indicator

Indpandprep(yr) - Land preparation indicator

Yield(sr,b,a) twm/ha/yr Biomass annual dry mass yield

tYield(sr,b) tpm/ha Total dry mass biomass yield over project
lifetime

Biomass yield model
Bi0proc k tpm/ha/yr Dry biomass processed at stage k
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MCyprock - Moisture content of biomass at stage k

Pellet(sr,b,a) tpm/ha/yr Dry pellet production

CPellet(sr,b,a) twm/ha/yr Cumulative pellet production

tPellet(sr,b) twm/ha Pellet production over project lifetime

Drying and N,O emissions model

EFn,0 kgn,0/kgn N>O emissions per N applied

ERgrying(s1,b,e) MJ/tpm Drying energy demand per ton of dry
biomass

BECCS power plant model

Cfuel Y%owm BECCS plant input fuel carbon content

HHVyyel MJ/kgwm BECCS plant input fuel HHV

NPO MW, BECCS plant net power output

Fryel twwm/hr BECCS plant fuel flowrate

Foater t/hr BECCS plant water flowrate

Ui YoHnv BECCS plant power generation efficiency

WUpp hour m?3 /hr BECCS plant water use per hour

Wpp m?/MWh, BECCS plant water intensity

WPFpp(sr,b) m? /tpm BECCS plant water footprint

CO2pp pour(st,b) tCOy/hr BECCS plant CO, emitted per hour

Clpp kgCO2/MWh, BECCS plant carbon intensity

LUpp pour (s1,b) yr.-ha/hr BECCS plant land use per hour

Llpp ha/MWh, BECCS plant land intensity

LFpp(sr,b) ha/tpm BECCS plant land footprint

Transport model

RD1(set1) km Biomass transport road distance from sr
to st/ or p (first leg)

SD(set1) km Biomass transport sea distance from p and
p/

RD2(set1) km Biomass transport road distance from p’
to st’ (second leg)

Land footprint model

LFsc(sr,sr',b,t) ha/tpm Biomass pellet land footprint

LFpp(sr,b) ha/tpm BECCS plant land footprint

LF(sr,s7,b,t) ha/tpm BECCS total land footprint

Water footprint model

ETy(sr,m) mm /day Monthly average of daily reference crop
evapotranspiration

ETo day (s7,d) mm /day Daily reference crop evapotranspiration

EToq(sr,d) mm /day Yearly reference crop evapotranspiration
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Priay mm /day Daily precipitation

Pr, mm /day Monthly effective precipitation

Preday mm /day Daily effective precipitation

tPr(sr) mm/growing cy- Total water precipitation over the crop

cle growth cycle

CWR(wr,b) mm/yr Crop water requirement

IN(Srb) mm /yr Crop irrigation need

BlueWFsc(sr,st’,b,t) m3/tpm Biomass pellet blue water footprint

GreenWFsc(sr,s1,b,t) m3 /tpm Biomass pellet green water footprint

GreyWFsc (sr,st',b,t) m3 /tpm Biomass pellet grey water footprint

WFsc(sr,s7',b,t) m? /tpm Biomass pellet water footprint

MWFsc(sr,s7',b,t) m? /tpm Marginal biomass pellet water footprint

WI m3/MWh, BECCS net water intensity

MWI m3/MWh, BECCS marginal water intensity

Energy demand model

EDy j,(set3,a) MJ/ha Energy demand of stage k per hectare in
year a

EDgc ja(set3,a) MJ/ha Total supply chain energy demand per
hectare in year a

CEDsc jyq(set3,a) MJ/ha Cumulative supply chain energy demand
per hectare in year a

tEDgc (set3,e) MJ/tpm Cumulative supply chain energy demand
per ton of pellet over the project lifetime

ED o1 ja (7,57 ,b,t,6,0) MJ/ha Energy demand per hectare from coal use
in the power plant in year a

EGpp q(sr,st’,b,t,a) MJ/ha Total electricity production per hectare at
year a

CEGppa(st,s',b,t,a) MJ/ha Cumulative electricity production per
hectare at year a

tEGpp(sr,st’,b,t) MJ/tpm Cumulative electricity production per ton
of pellet over the project

EDy,(set3,a) MJ/ha Total BECCS energy demand per hectare
in year a

CEDy,(set3,a) MJ/ha Cumulative energy demand per hectare in
year a

EBy,(set3,a) MJ/ha Net energy balance per hectare in year a

E; By, (set3,a) MJ/ha Net electricity balance per hectare in year
a

CEBy,(set3,a) MJ/ha Cumulative net energy balance per hectare

at year a
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CE;By,(set3,a) MJ/ha Cumulative net electricity balance per
hectare at year a

tEBy,(set3) MJ/ha Total net energy balance per hectare over
the project lifetime

tE; By, (set3) MJ/ha Total net electricity balance per hectare
over the project lifetime

tEB(set2) MJ/pm Total net energy balance per ton of pellet
over the project lifetime

tE;B(set2) MJ/pm Total net electricity balance per ton of pel-
let over the project

EGpiona(s7,b,a) MJ/ha Bioenergy production in the form of raw
biomass per hectare in year a

CEGpip jia(st,b,a) MJ/ha Cumulative bioenergy production (raw
biomass) per hectare at year a

EG ettetna (57,57 ,b,t,a) MJ/ha Bioenergy production in the form of pel-
lets per hectare in year a

CEGeltet na (57,57 ,b,t,a) MJ/ha Cumulative bioenergy production (pellets)
per hectare in year a

EROI(set2) - Biomass pellet energy return on invest-
ment

E;ROI(set2) - BECCS electricity return on investment

BETEg(set2) years BECCS energy breakeven time

Hnet (set2) YoHnv BECCS net efficiency

Carbon footprint model

CFpa(set2,a) kgCO;/ha GHG emissions of stage k

CFsc pa(set2,a) kgCO;/ha Total supply chain emissions per hectare
at year a

CFooat jia(ST,57",b,t,a) kgCO,/ha Power plant coal emissions per hectare at
year a

CFccs pa(sr,st’ b ta) kgCOy/ha Emissions from CO, transport and injec-
tion per hectare in year a

CFEy,(set2,a) kgCO;/ha Total emissions from BECCS per hectare
in year a

CCFsc(set2,a) kgCO2/ha Cumulative supply chain emissions per
hectare in year a

CCF(set2,a) kgCO2/ha Cumulative BECCS emissions per hectare
in year a

tCFsc ja(set2,a) kgCO,/ha Total supply chain emissions per hectare

over the project lifetime
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tCFy,(set2,a) kgCO,/ha Total BECCS emissions per hectare over
the project lifetime

tCFsc(set2,a) kgCO2/pMm Total supply chain emissions per ton of
pellet over the project lifetime

tCF(set2,a) kgCO2/pMm Total BECCS emissions per ton of pellet
over the project lifetime

BioCO2p j,(sr,b,a) kgco,/ha/yr Amount of biogenic CO; emitted from the
plant at year a

CoalCO2p 4 (sr,s1',b,t,a) kgco,/ha/yr Amount of coal CO; emitted from the
plant at year a

SCO2y,(sr,sr',bt,a) kgco,/ha/yr Amount of CO, captured and stored in ge-
ological formations at year a

CSCO2y,(sr,sr',b,t,a) kgco,/ha Cumulative amount of CO, captured and
stored in geological formations at year a

tSCO2y,(sr,s7,b,t) kgco,/ha Total CO; geologically stored per hectare
over project lifetime

RCO2y,(set2,a) kgco,/ha/yr Net CO, removed at year a

CRCO2y,(set2,a) kgco,/ha Cumulative net CO, removed per hectare
in year a

tRCO2y,(set2,a) kgco,/ha Total net CO, removed per hectare over
project lifetime

tRCO2(set2,a) kgco,/pm Total net CO, stored per ton of pellet the
project lifetime

SCO2pjo pa(s7,b,a) kgco,/ha/yr Amount of CO; biologically stored at year
a

CSCO2pjp pa(sr,b,a) kgco,/ha Cumulative CO; biologically stored per
hectare at year a

tSCO2pip pa(st,b) kgco,/ha Total CO, biologically stored per hectare
over the project lifetime

Ncoa(set2) - CO, efficiency i.e the ratio of net CO; re-
moved to the amount of CO; stored in the
biomass,

BETco(set2) years CO; breakeven time i.e. the numbers of
years required for the system to reach net
CO; negativity.

CI(set2) kgCO2/MWh, BECCS net carbon intensity

RCO2jp, (set2) tCOy /hr Net CO; stored per hour

tRCO2,nit year (set2) tCOy /unit/yr Net CO, stored per unit per year

Unitcop(set2) 1/tco, Number of BECCS 500MW units per

tCO, removed
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RCO2¢0s(set2,a) - Net CO, removed per year per ton of CO,
removed

Cost model

costy, pq(set2) $/ha/yr annual cost per hectare of item n € {land,
inputs, farm, PeP, RT1, ST, RT2,PG }

tcostsc(set2) $/ton Total biomass supply chain cost per ton of
pellet

CRE, Capital recovery factor of infrastructure
m € {PP,CO2T }

costpp pwin (st,s1,b,time) $/MWh BECCS plant cost per MWh (CAPEX -
0&M)

costcoar,scoz(st) $/tCO, CO; transport cost

tcostpp(sr,sr’,b,t,time) $/ton BECCS plant total cost per ton of pellet

tcostcoprs(sr,st’ bt time)  $/ton CO; t&S cost per ton of pellet

revpp(set2) $/ton BECCS plant total revenue per ton of pel-
let

CRE, Capital recovery factor of infrastructure
m € {PP,CO2T}

tcost(set2) $/ton BECCS total cost per ton of pellet

tCB(set2) $/ton BECCS total cost balance per ton of pellet

BENEgc(set2) $/tCO, Breakeven negative CO, credit

Output for optimisation

Unitcop(set2) 1/tCO, Number of 500 MW BECCS units per ton
of CO, removed

SCO2¢coo(set2) tCO,/tCO, Tons of stored CO, per ton of CO; re-
moved

WUcoa(set2) m?3/tCO, BECCS water use per ton of CO, removed

MWUcps(set2) m?3/tCO, BECCS marginal water use per ton of CO;
removed

LUsc,con(set2) ha/tCO, BECCS field land use per ton of CO; re-
moved

LUpp con(set2) ha/tCO, BECCS power plant land use per ton of
CO, removed

LUcp;(set2) ha/tCO, BECCS total land use per ton of CO; re-
moved

PUcos(set2) tpm/tCO> BECCS pellet use per ton of CO, removed

BUcoa(set2) tpm/tCO2 BECCS biomass use per ton of CO; re-
moved

EBcon(set2) MJ/tCO, BECCS net electricity balance per ton of

CO, removed
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costcoa(set2) $/tCO, BECCS cost per ton of CO, removed

CBcoa(set2) $/tCO, BECCS cost balance per ton of CO, re-
moved

Optimisation variables

Symbol Unit Description

RCO2,p; (set2,time) tCOy /yr Net CO; removed per year per configura-
tion

tRCO2, ¢ (set2,time) tCO, Net CO, removed over the time horizon

tWU,pi (set2, time) m?> Total water use over the time horizon

tMW U, (set2,time) m? Total marginal water use over the time
horizon

tLU,pt (set2,time) ha Total land use over time horizon

tBioCO2p; (set2,time) DM Total CO, stored in biomass over the time
horizon

tEB,p:(set2,time) MJ Total net electricity balance over the time
horizon

tcoa(set2,time) - Total CO, efficiency

SCO20pt req (set2, time) tCOy /yr CO, stored per year per region sr’

CSCO2pt,req (set2,time) tCO, Cumulative CO, stored per region s’ at

time time

Acronyms

BECCS Bioenergy with carbon capture and storage
CAPEX capital expenditures

CCS Carbon capture and storage

CDR Carbon dioxide removal

EROI Energy return on Investment

FAO Food and Agriculture Organisation
GHG Greenhouse gas

IAM Integrated assessment model

IEA International Energy Agency

IGCC Integrated gasification combined cycle
ILUC Indirect land use change

LUC Land use change
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NET
NEC
OPEX
WM
DM

Negative emissions technology
Negative emissions credit
Operational expenditures

wet mass (biomass)

dry mass (biomass)



Chapter 1

Introduction

1.1 Motivation

Human-induced climate change, in the form of extreme weather events, global tem-
perature rise, or ocean level rise, has dramatically worsened since first impacts were
quantified in the seventies [1]. Global awareness acknowledging the gravity of the situ-
ation, and international efforts to fight it has, however, been much slower to follow. In
2015, in a landmark agreement in Paris, 187 countries agreed to limit global warming
'well below’ 2°C, and pursue efforts towards 1.5°C. Notwithstanding this agreement,
global carbon dioxide (CO;) emissions have reached their highest level yet in 2018,
suggesting the inadequacy of national pledges and their implementation [2]. In 2019,
as the Amazon forest is burning at an alarming rate, international cooperation and
collaboration in tackling this crisis is needed more than ever.

According to integrated assessment modelling (IAM), unprecedented changes in the
energy system are required to limit global warming to 1.5°C by the end of the century
[3]. In addition to deep mitigation of emissions, net removal of carbon dioxide from the
atmosphere has become indispensable in meeting these goals. Carbon dioxide removal
(CDR) methods is a general term used to refer to both natural solutions, which focus on
enhancing natural CO; sinks such as land or forests, and engineered solutions, which are
technologies designed to remove and store CO», also referred to as 'Negative emissions
technologies’ (NETs), in the literature. So far, however, no option stands out as a
'silver bullet’, and a portfolio approach is likely to be the best way forward to deliver
sustainable and cost effective CDR. One potential technology, bioenergy with carbon
capture and storage (BECCS) is, in principle, valuable to both CO, mitigation — by
providing low carbon energy — and to CO; removal. This has resulted in BECCS being
consistently and largely deployed in scenarios compatible with a 1.5-2°C target. BECCS's
omnipresence in IAMs has sparked controversy around BECCS competition for arable
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land and fresh water, in addition to questions concerning its ability to actually remove
CO; from the atmosphere. Additionally, the scale at which BECCS can be sustainably
deployed, and the regional drivers of BECCS sustainability and cost over time, remain
broadly unknown.

With this dissertation, | aim at understanding the conditions leading to BECCS providing
net CO, removal from the atmosphere, at low energy, resource and financial costs.
Considering the complexity of impacts associated with the large scale deployment of the
technology, we adopt a multi-level, spatially and temporarily explicit, systems modelling
and optimisation approach to represent the deployment of the technology with the
evolution of CO; removal targets and the energy system. Whilst the case studies in this
dissertation focus exclusively on BECCS, we present a framework which could be used
to explore the optimal deployment of negative emissions technologies in general (see

Section in Chapter [3)).

1.2 Objectives

The overarching objectives of this thesis can be articulated as follows:

1. ldentify the conditions leading to BECCS being a net provider of CO; removal,
at a low resource — land and water — cost, and in a timely fashion,

2. Determine the conditions leading to BECCS being a net provider of energy, and
discuss the trade-offs between the two services provided by BECCS, energy pro-
duction and CO, removal,

3. Quantify the regional trade-offs between BECCS sustainability indicators,

4. ldentify the competitive advantages — geopolitical context, sustainable biomass
availability, storage availability, cost — and the value opportunities of different
regions for least cost BECCS deployment, and how these evolve with increasing
CO, removal targets and the decarbonisation of the energy system.

1.3 Structure

The dissertation is structured as follows. Chapter [1] introduces the thesis motivation
and objectives. Chapter [2| provides an overview of the BECCS technology and its main
challenges. Chapter [3| presents the Modelling and Optimisation of Negative Emissions
Technologies (MONET) framework, developed for the purpose of this dissertation. The
following chapters then apply MONET to four case studies so as to explore key questions
related to BECCS large scale deployment. Chapter [4] discusses the biomass supply
chain conditions leading to BECCS being a net provider of negative emissions, in a
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relevant time frame, at a low land and water cost. Chapter 5] explores BECCS capacity
to generate energy, and the trade-offs between BECCS energy generation and CO;
removal. Based on these identified conditions, Chapter [6] explores the trade-offs within
the BECCS trilemma — energy generation and CO; removal, resource minimisation and
limited impacts on ecosystems, in resource optimal regional biomass supply chains.
Chapter [7] determines the cost-optimal deployment of BECCS and quantifies the value
of international collaboration in meeting global CO; removal targets. Finally, Chapter
concludes on the technical, economic and policy implications of these findings, and
discusses the limitations of this thesis as well as future axis of research.

The following peer-reviewed journal papers and reports were used in writing this study.
Below is indicated which chapter the papers mostly contribute to.

1. M Fajardy, N Mac Dowell, 2017, Can BECCS deliver sustainable and resource effi-
cient negative emissions?, Energy & Environmental Science, 10(6): 1389-1426 [4]
(Chapter

2. M Fajardy, N Mac Dowell, 2018, The Energy Return On Investment of nega-
tive emissions: is BECCS a threat to energy security?, Energy & Environmental
Science, 11(6): 1581-1594 [5] (Chapter [5])

3. M Fajardy, S Chiquier, N Mac Dowell, 2018, Investigating the BECCS resource
nexus: delivering sustainable negative emissions, Energy & Environmental Science,
11(12): 3408-3430 [6] (Chapter o)

4. M Fajardy, N Mac Dowell, 2020, Recognising the value of collaboration in deliv-
ering carbon dioxide removal, (in peer review) (Chapter [7)

5. M Fajardy, A Daggash, P Patrizio, N Mac Dowell, 2019, Negative Emissions:
Priorities for Research and Policy Design, Frontiers in Climate, 1 [7] (Chapter [2)

6. H Daggash, M Fajardy, P Heptonstall, N Mac Dowell, R Gross, 2019, Bioen-
ergy with carbon capture and storage, and direct air carbon capture and storage:
Examining the evidence on deployment potential and costs in the UK, a UK-
ERC Technology and Policy Assessment, available at http://www.ukerc.ac.
uk/programmes/technology-and-policy-assessment/bioenergy-with-ccas.
html [8] (Chapter [2)

7. M Fajardy, A Koberle, N Mac Dowell, A Fantuzzi, 2019, BECCS deployment: a re-
ality check, Grantham Institute Briefing paper No 28, available at https://www.
imperial.ac.uk/media/imperial-college/grantham-institute/public/
publications/briefing-papers/BECCS-deployment---a-reality-check.

pdf| [9] (Chapter
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Chapter 2

Overview of bioenergy with carbon
capture and storage

2.1 The need for atmospheric carbon dioxide removal

Transitioning from a 2°C to a more stringent 1.5°C target has rendered atmospheric
carbon dioxide removal indispensable, with between 190 and 1,190 GtCO; cumulative
removal required before the end of the century, depending on the pace and extent of
climate change mitigation efforts [10, [1I]. Several methods have been identified as ca-
pable of delivering CDR at scale. A first category includes methods enhancing natural
carbon sinks, such as forests, via afforestation/reforestation (AR/RE), land, via biochar,
soil carbon sequestration, and oceans, via ocean liming and/or fertilisation. A second
category involves enhancing mineral sinks, through enhanced weathering of minerals.
Finally, the last category involves geological storage of CO,, captured from bioenergy
plants (BECCS) or directly from the air (DACCS) [12]. Whilst these technologies differ
in terms of cost, potential scale, and side-effects, none appears to be an obvious and
unique winner to deliver large-scale CDR [13]. Key strengths and challenges of selected
CDR methods are represented in Figure 2.1

The scale of BECCS deployment in IAMs is highly dependent on the scale and pace
of greenhouse gas emissions mitigation. In the latest IPCC report on limiting global
warming of 1.5°C, BECCS reaches a deployment level as high as 22 GtCO,/yr by the
end of the century in a fossil fuel intensive scenario (P4), and as low as zero in a
low energy demand scenario (P1), where all the need for carbon dioxide removal can
be fulfilled by better land management and afforestation/reforestation (AFOLU). In
the middle-of-the-road scenario (P3), BECCS capacity reaches 12 GtCO,/yr [10, 11].
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Figure 2.1: Summary of key strengths and challenges of different carbon dioxide removal meth-
ods.

Whether these levels of CDR will be achieved solely via BECCS, or with a combination
of alternative CDR methods, is yet to be determined.

2.2 The history of BECCS

Bioenergy with carbon capture and storage is the combination of two well-known tech-
nologies for climate change mitigation. Carbon capture and sequestration (CCS) as a
means to mitigate CO;, emissions arising from the power and industrial sectors has been
widely investigated in the literature (see Bui et al. for a review [14]), and the use of
biomass as an energy source is ubiquitous throughout human history. Their combina-
tion was first identified as a negative emission technology by Williams et al. for the
production of hydrogen [15], and by Herzog for power generation [16] in 1996. In 2001,
Obersteiner et al. acknowledged the key role of CO;, removal via bioenergy with carbon
capture and storage for climate risk management [17]. However, the combination of
bioenergy and carbon capture and storage was not referred to as 'BECCS’ or 'BECS’
until 2003 when Kraxner et al. first coined the term [18]. A core element of the utility
of BECCS s its potential to remove CO, from the atmosphere [I8-26], and in so doing
permits the offsetting, or mitigation, of otherwise hard to reach point sources such as
transport or sources which are remote from CQO, transport and storage infrastructure
[27].

However, despite its potential advantages, BECCS is not without controversy. Land
competition for food production [28431], as well as CO; emissions associated with
biomass cultivation, harvesting and processing [32H34] cast doubt on the general ability
of a BECCS facility to actually result in a net removal of CO, from the atmosphere
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[35, [36]. This has led some to suggest that relying so heavily on CDR techniques in
general, and BECCS in particular, could represent a moral hazard, preventing us from
taking active steps towards climate mitigation today [37]. In addition to contributing to
carbon removal, BECCS is also projected to significantly contribute to global energy sup-
ply, providing up to 430 EJ/yr to the primary energy mix |10} [11]. If negative emissions
are to be achieved via BECCS, in a way that is both sustainable and resource efficient,
it is important to understand under which conditions BECCS can be deployed such that
it is simultaneously net CO, negative, resource efficient, and net energy positive. It is
recognised [38] that a detailed assessment of the water, land and carbon intensity of
the biomass supply chain and conversion technology is vital to quantitatively addressing
the uncertainty in this area, identifying key points for improvement and thus facilitating
the large scale deployment of BECCS.

2.3 Global deployment status of BECCS

At the time of writing, the installed BECCS CO; removal capacity reaches just above
1 MtCO; per year. The first BECCS plant, operating since 2017, is the Decatur corn-
based bioethanol plant in Illinois, which captures around 1 Mt of CO; per year, storing
the COy in a sandstone reservoir underneath the plant [39]. In early 2019, the DRAX
thermal power plant in the UK, which has converted four of its six 660 MW boilers
to dedicated biomass combustion, started a BECCS pilot project with the company
C-capture to capture 1 tCO; a day [40]. No storage site or utilisation of this captured
CO;, has however been identified yet. Other BECCS projects in planning include the
North Dakota BIGCC plant with CCS and a bioethanol plant with CCS in Kansas. CCS
projects including capture from both fossil and biogenic sources capture about 30 Mt
of CO, per year [41]. Even when considering all CCS projects, these values are still
orders of magnitude below the gigatone-scale requirement of carbon dioxide removal
forecasted by climate models. A drastic ramp up of BECCS and CCS deployment is
therefore required.

2.4 Overview of BECCS technologies

BECCS encompasses any technological route combining the conversion of a biomass
feedstock to energy, with the capture and geological storage of the CO; released upon
this conversion. Considering the variety of biomass feedstock types (e.g., sugar and
starch crops, lignocellulosic biomass, organic wastes), biomass conversion routes (e.g.,
gasification, combustion, fermentation), and capture options (e.g., pre-, post- or oxy-
combustion capture), there is not one single BECCS technology. BECCS technologies
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can be categorised in three pathways:

= BECCS to power via combustion in pulverised combustion (PC) plants, fluidised
bed combustion (FBC) plants, chemical looping combustion plants (CLC) and
combined heat and power (CHP) plants to produce heat in addition to power, or
via gasification in an integrated combined cycle (IGCC).

= BECCS to gaseous or liquid biofuels via fermentation (bioethanol), or gasification
(bio syngas or bio-sng) followed by Fischer-Tropsch conversion (biodiesel).

= BECCS to biohydrogen via fermentation, gasification or pyrolysis.

CO; capture, transport and geological storage can be applied to all conversion pathways.
The CO; capture technology applied however depends on the conversion pathway. In
pathways involving biomass combustion, the CO, can be captured via a post-combustion
system when combustion happens in air, an oxy-combustion system for combustion in
oxygen, and a chemical loop integrated to the combustion technology in the CLC tech-
nology. In the case of biomass gasification, the CO, is captured with a pre-combustion
system from the syngas. Upon biomass fermentation, pure CO; (> 99% purity) is re-
leased during fermentation, and can be directly captured. Figure [2.2] summarises these

pathways.
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Figure 2.2: lllustration of different BECCS pathways. Pathways provide different value to the
energy system: whilst BECCS via biofuels provide less negative emissions than BECCS via
bioelectricity, it potentially provides more useful energy to a hard-to-decarbonise sector.

Each technological option differs in their performance and energy product output. Key
metrics to measure the performance of a BECCS technology include cost, conversion en-
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ergy efficiency (useful energy generated from the raw biomass energy), and CO; capture
efficiency (how much of the biomass feedstock CO; is captured during the conversion).
Conversion energy efficiencies are typically higher for the BECCS via biofuels or hydro-
gen pathways, at around 29-44% [42H44] for biofuels, and 37-50% for hydrogen [45H47].
Conversely, the efficiency of BECCS via power can be found anywhere between 20%
[48] and 38% [49], including the CO; capture system efficiency penalty. This results in
varying operating costs for each technology, and different quantity of energy products
generated, hence in the BECCS technology having a different value within the energy
system it is operating in. Given the same amount of biomass feedstock, the BECCS to
biofuel pathway, for example, can generate more useful energy in the form of biofuel,
than the BECCS to power pathway yields bioelectricity. If displacing conventional diesel,
biofuels could therefore result in more CO, emissions being avoided, than bioelectricity
[32]. This is however largely dependent on the structure and carbon intensity of the en-
ergy system with which a given BECCS system interacts. From a cost perspective, the
CO; released during from pathways involving biomass fermentation is more concentrated
and therefore cheaper to capture, than in pathways involving biomass gasification, for
which the CO; is captured from the syngas, or to a greater extent biomass combustion,
for which the CO; is captured from the boiler exhaust gas.

From a CO; capture efficiency perspective, however, only 15% — for fermentation [42]
—to 56% — for gasification [43] — of the biomass feedstock carbon is released into CO,
during the process, whilst 25 to 30% remains in the biofuel and will be re-emitted back
into the atmosphere upon end-use of the biofuel. In the BECCS via power pathway,
close to 100% of the biomass carbon can be released upon combustion, of which 90 to
95% can be captured from the flue gas and stored. In the biomass to hydrogen pathway,
the CO; capture efficiency of the overall process depends on the CO; capture point and
the performance of the absorption process [46], 50]. When the CO; is captured directly
from the shifted syngas, capture efficiencies between 56% [50] and 90% [46] can be
achieved. Overall, BECCS via power typically leads to more negative emissions per unit
of biomass feedstock than BECCS via biofuels or biohydrogen.

Finally, the energy product generated by each pathway can have different value to the
energy system. Whilst low carbon alternatives to decarbonise the power sector already
exist — for example wind and solar, some sectors such as heat and transport have cur-
rently fewer alternatives. The production of biofuels or biohydrogen to decarbonise the
heat and transport sector, by producing aviation biofuels for example [51], may therefore
have more value in decarbonising the energy system, than producing bioelectricity.

Other BECCS opportunities include the integration of CCS in pulp and paper plants,
whose on-site energy generation largely relies on biomass feedstock [52], and the inte-
gration of biomass and CCS in industrial processes such as steel making [53]. Whilst
negative emissions might be limited in the latter application, the value of BECCS can



40 CHAPTER 2. OVERVIEW OF BIOENERGY WITH CARBON CAPTURE AND STORAGE

be important in the context of industrial decarbonisation.

2.5 Challenges to BECCS large scale deployment

Regardless of the pathway chosen, biomass feedstock needs to be produced or collected,
upgraded to a proper fuel — dried, pelleted, and/or ground — and transported to the
location of the conversion plant. This is referred to as the biomass supply chain,
and has been identified as being the key driver of the sustainability of a bioenergy or
BECCS process [36], [54H56]. The potentially high resource and carbon intensity of the
BECCS value chain has sparked a controversy around the actual ability of BECCS to
deliver negative emissions and energy, without having detrimental consequences on the
wider economy and ecosystem [35, 37, 57, 58]. Within this context, various potential
challenges and metrics are important to consider when assessing BECCS performance.

2.5.1 BECCS technical challenges

One category of challenges BECCS faces relates to biomass conversion and CO; capture
technologies. In a post-combustion capture system, steam is taken out of the steam
cycle to regenerate the solvent. This imposes a first energy penalty on the system, on the
order of 20% with conventional technologies at 90% capture, or 9% in efficiency points
[46] with conventional solvents (i.e., alkanolamines). Using state-of-the-art solvents
could bring the heat requirement to values as low as 2.3 GJ/tCO; [59, [60], or even 2
GJ/tCO; in the case of biphasic solvents [61]. Bui et al. investigated the impact of
solvent heat duty on the system efficiency and carbon intensity, and showed that using
advanced solvents combined with heat recovery from the boiler exhaust gases could
reduce the efficiency penalty associated with solvent regeneration to zero [49].

This efficiency penalty is further increased by the use of a potentially lower quality fuel
— biomass — in complement or supplement to coal. Whilst the average higher heating
value (HHV) of bituminous coal is approximately 27 MJ/twm at 11% moisture and
64% carbon content [62], raw biomass, with a higher moisture content — up to 50%
with woody biomass [63] — and a lower carbon content — around 48% dry mass — tend
to exhibit an HHV around 18-20 MJ/tpp [64H69]. In addition to the efficiency loss at
the boiler, the physical properties of biomass will increase the costs associated with fuel
storage, handling and size reduction. In the case of high moisture biomass, drying will
automatically represent a substantial energy cost. Furthermore, as shown in Williams
et al. [70], biomass grindability is significantly lower than that of coal, resulting in
a grinding energy cost up to four to five times higher on a mass basis. On an HHV
basis, grinding energy cost can be up to seven times higher for biomass relative to coal,
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with an energy requirement of 20 kWh/MWhppy in the case of wood pellets, against
3 kWh/MWhyy in the case of coal.

In addition to a reduction in efficiency associated with increased fuel processing costs,
another concern is associated with transitioning from dedicated coal to dedicated biomass
combustion and the resulting impact on the boiler technology. Experimental studies [71]
and recent reports from DRAX power station, which started converting its 660 MW units
to dedicated biomass in 2014 (today four out of six [40]), demonstrate that large scale
biomass firing is feasible with no major change, providing modern boiler technology is
used, and biomass feedstock comes with the right specification. Utility-scale biomass-
fired power plants are inherently more costly than their coal-fired counterparts, primarily
as a result of the more costly fuel handling and storage infrastructure. In addition to
the capital cost, the ongoing operating cost associated with providing a nitrogen-rich
atmosphere for the biomass is also an important consideration. Moreover, an improved
understanding of the impact of ash formation and slagging behaviour, as well as corro-
sion, on boiler efficiency and maintenance [72] [73] costs is also necessary.

However, Mac Dowell and Fajardy showed that BECCS facilities that are less efficient at
converting biomass to electricity could remove more CO; at a lower cost than their more
efficient counterparts [74]. This paradoxical observation has important implications for
the way in which CDR technologies will be integrated with the broader energy system.

2.5.2 CO; negativity

The underpinning assumption behind BECCS delivering negative emissions, is that
bioenergy is carbon neutral. This assumption can be challenged when considering the
greenhouse gases emissions occurring along the biomass supply chain from energy use,
direct and indirect land use change — the conversion of a land to bioenergy produc-
tion causing further land conversion elsewhere [75H77], and field nitrous oxide emissions
[36] from fertiliser application. A first issue often raised involves biomass sourcing and
transportation related emissions. There are several biogeophysical and geopolitical con-
straints to consider: all geological storage sites do not coincide with available land for
biomass production, or thermal power plant locations. The deployment of BECCS at
the scale envisioned by IAM solutions will likely require a multi-national biomass supply
chain, with stakeholders based in different regions acting to provide a reliable supply of
sustainably sourced biomass, or consume this biomass and store the CO,. In 2018, over
80% of UK DRAX power plant biomass supply was imported from North America, in-
curring a carbon cost of 31 gCO,/MJ of electricity produced [40]. For a BECCS system
to be carbon negative i.e. delivering negative emissions, biomass supply chain emissions
need to be kept to minimum, not to outweigh the CO; captured at the conversion plant.
In a study by Smith et al., the authors showed that if CO, leakages along the whole
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BECCS value were accounted for, removing 1 ton of CO, from the atmosphere actually
meant capturing 2.11 tons of CO; from the atmosphere [56]. In this case, the CO,
efficiency of the system — the fraction of biomass CO; which is actually removed from
the atmosphere, is only 47%.

2.5.3 Land use and land use change

When relying on land-based bioenergy — feedstock from agriculture or forestry, BECCS
land intensity has been identified as a one of the central challenges of BECCS deploy-
ment. Levels of BECCS requirements in climate models could require between 100 and
800 Mha of land |10} [II]. To put these numbers in context, total cropland area in 2017
was 1,600 Mha [78]. Such land conversions could bring about economic-environmental
impacts including food price increases [28H30] and biodiversity losses [79]. Using residual
biomass from forestry and agriculture can be considered as alternatives, providing the
biomass collection rate is sustainable, and does not cause, for e.g., soil depletion [30].
Other opportunities such as using municipal solid wastes [81], agricultural residues,
remediating abandoned land with high yielding grasses [56] 82, 83], or using marine
biomass [84] are being investigated to decrease BECCS pressure on land use.

In addition to economic impacts, such land use change may also impact BECCS carbon
balance. Direct land use change, as defined by Fargione et al., encompasses the direct
emissions released during the initial plant combustion and eventual roots and leaves
decomposition, the carbon converted into charcoal, and the carbon incorporated in
merchantable forestry products (considered to have a half life of 30 years) [76]. Land
conversion factors are a strong function of the land type converted, and are reported
to be in the range 0 - 70 kgCOy/ha for marginal land, 350-120 tCO;/ha for forest or
even up to 3450 tCO;/ha for wetland [76) [85]. However, some studies argue that this
accounting method cannot be complete without taking into account the indirect effects
of altering a land economic function (e.g., agriculture, grazing) by converting part of it
for biomass production [36], 86, [87]. Models evaluating those effects do exist, but their
level of specificity limit their applicability to a case-to-case basis [77, 85, 88, [89]. Plevin
et al. evaluated indirect emission factors to range from 10 to 340 gCOzeq/MJ of liquid
biofuel, with a strong sensitivity to socio-economic activity and time horizon within a
specific region [85].

2.5.4 CO; breakeven time

This dependence on time also raises the question of dynamic accounting of carbon emis-
sions [90]. Some studies indicate that on a transient basis, the 'carbon debt' initiated
by land conversion to biomass production cannot offset CO, savings from displacing
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coal, or only over a period of time that is greater than to the power plant lifetime
[91], 92]. This is referred to as 'carbon payback time’, or carbon breakeven time, and
can be understood as the amount of time required for a system to reach carbon neu-
trality. In those studies however, biofuels pay back this initial carbon debt by offsetting
fossil fuels related emissions, and carbon breakeven time thus has to be calculated rela-
tively to a given fossil fuel. In BECCS case, because it physically captures carbon from
the atmosphere, we could define the CO, breakeven time as the time required for a
BECCS powerplant to become net CO; negative, in absolute terms. Delayed carbon
removal could have significant implications to 1) the way CO, removal is credited, and
2) BECCS' ability to compete with alternative CDR methods with a potentially lower
initial carbon debt, and therefore shorter CO, removal delay.

2.5.5 Energy requirement

Another key assumption when deploying BECCS technologies in climate scenarios is
that BECCS produces energy in addition to removing CO, from the atmosphere. How-
ever, the energy intensity of biomass supply chains could represent a challenge to this
assumption [55]. Additionally, the conversion of a lower quality fuel — biomass — com-
bined with CO, capture and storage, impose an energy penalty on the system, relative
to conventional fossil power generation, resulting in a potentially low power generation
efficiency [49]. In their review, Moriarty et al. say that there is uncertainty as to the
capability of bioenergy to be a net provider of energy, and further argue that were it
to pass the 'energy test’, it might not deliver emissions reduction [93]. Vaughan et al.
identified seven BECCS assumptions with both high uncertainty and great impact on
BECCS performance, and highlighted BECCS total contribution to the energy system
as one of them [35]. Smith et al. presented a high level analysis showing that BECCS
had a positive net energy balance on average, with energy production ranges of 0.8-11
GJ/tCO; for energy crops (3—40 GJ/tons of carbon in the study) [36]. However, the
analysis also pointed out the possibility of energy negative scenarios with an energy
consumption up to 2.3 GJ/tCO; (8.7 GJ per ton of carbon in the study). Nevertheless,
BECCS is still consistently represented as a net source of both negative emissions and
energy (fuel, power or hydrogen) in IAMs, which explains its prevalence in these models
[94]. From an energy return on investment perspective (which measures the energy
output over the energy input of a system), this potential large energy usage could result
in BECCS having a very low energy return. This metric, partly correlated with BECCS
carbon negativity, also needs to be carefully measured when deploying BECCS value
chains. Understanding the circumstances under which BECCS deployment might lead
to a negative energy balance, and the implications for the energy system, is thus crucial
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to the design of BECCS systems that will make a net positive contribution to climate
change mitigation.

2.5.6 The water concern

Agriculture and power generation are highly water intense, accounting for 70% [95] and
15% [96] of the world's total freshwater withdrawal (i.e., total water use). Thus the
sustainability of BECCS warrants close scrutiny [36]. According to the Food and Agri-
culture Organisation (FAQ), 1.2 billion people already live in absolute water scarcity,
and this number could be further increased by the additional 1.6 billion who are cur-
rently facing water shortages [97]. As agriculture is responsible for up to 90% of water
withdrawal in the Asia-Pacific region [98], the combination of population growth and
climate change has the potential to further exacerbate this situation [99, I00]. Due
to water use both at the crop level and the power plant level, BECCS is considered as
the most water intense within the portfolio of CDR methods [36]. Considering BECCS
water use and potential water constraints to its sustainable deployment is crucial [I01].

2.6 BECCS global potential

The literature estimates BECCS maximal deployment potential between 5 and 15 GtCO, /yr
[13] 36, [102H106], depending on the geophysical, technical and socio-economic con-
straints potentially considered in these assessments.

2.6.1 Geophysical constraints

CO; storage is generally not considered as a global bottleneck, with over 11,700 GtCO,
identified available storage with a 75-100% confidence, and 14,000 GtCO, with a con-
fidence of 56% and higher. However, regional assessments may substantially vary in
capacity and in reliability [41].

Global technical and/or sustainable bioenergy potential have been identified as poten-
tial bottlenecks. Such assessments much depend on assumptions as to what is, in
fact, considered sustainable, and are therefore found within a wide range in the litera-
ture [34, [103], [107HI10]. Whilst pessimistic assessments find the global potential to be
around 60 EJ/yr, and optimistic assessments over 350 EJ/yr [103], there tends to be
a broader agreement of the literature around 100 EJ/yr [34]. Figure [2.3]illustrates the
potential gap between what is required in climate models (left) and ranges of global
potential per feedstock type across the literature (right).
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Figure 2.3: Global bioenergy requirement in climate models (adapted from [10, [1I] (left) and
technical bioenergy potential (adapted from [34]) (right). Whilst up to 400 EJ of bioenergy
are required annually by the end of the century of bioenergy, agreement around global technical
bioenergy potential within the literature tends to lie around 100 EJ/yr.

2.6.2 Broader sustainability constraints

How this technical bioenergy supply translates into carbon removal potential via BECCS
depends on assumptions as to BECCS pathway, characteristics of the biomass feedstock
and performance of the BECCS value chain. A handful of bottom up assessments have
also investigated how the consideration of planetary boundaries [111] could further limit
the deployment of BECCS [79] [101] [112], resulting in a sustainable potential of BECCS,
much lower than the technical potential of BECCS. In Heck et al. limiting BECCS de-
ployment within a 'safe’ zone of a subset of planetary boundaries, including biochemical
flows, biodiversity loss, land use change and water use — limited global carbon dioxide
removal to 0.2 GtCO /yr, which is two orders of magnitude lower than what is required
by the end of the century in most scenarios [79]. In Seferian et al., authors quantified
that considering water constraints would reduced BECCS deployment by 90% relative
to the level of deployment modelled in 1.5°C scenarios. More recently, the IPCC spe-
cial report on land use warned on BECCS potential detrimental on ecosystems, and
identified 5 GtCO, /yr as being an upper limit for BECCS sustainable deployment [102].

2.6.3 The case of marginal lands

To avoid potential land use change and competition with other land uses, there have
been many attempts to evaluate the amount of marginal, yet suitable, land for bioenergy
production. The main caveat comes from the difficulty in defining the nature of marginal
land (MAL). Edrisi et al. differentiates wastelands for biomass cultivation by two views:
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the suitability/quality of the land, and the socio-economic value of the land [113]. In
this context, marginal land is considered to be at the intersection of under-utilised lands
and neglected unused land. The definition of marginal land can also vary in time. A
farmer might choose to use a parcel of marginal land one year, and leave it unused the
next, depending on the profitability of this land in this specific year.

This diversity in definition results in a variety of marginal land evaluation. In 2011, Cai
et al. provided an extensive mapping of marginal land, by quantifying the mixed crops,
natural vegetation land, cropland, scrubland, savannah and grassland with marginal
productivity [114]. This work resulted in the spatial determination of marginal land
availability with a spatial resolution of 30 arc second geographic. Total world marginal
land availability was quantified between 320 and 1,107 Mha, with between 108 and 256
Mha in South America, 18 and 151 Mha in India, 33 and 111 Mha in Europe, 52-152
Mha in China, and 66-314 Mha in Africa. This evaluation was later on downscaled by
Fritz et al. to 56 to 1035 Mha, with adjustments made to land cover and human impact
assumptions [I15]. Several studies were also performed at the regional level. In Brazil,
Lossau et al. evaluated the spatial distribution of marginal land in Brazil by calculating
the residual land from cropland, pastures, forest, build up, barren, water bodies, and
the protected Amazon biome area [82]. The residual area was then overlayed with the
FAO/IIASA land suitability modelling framework to assess its suitability [I16]. A total
of 37.8 Mha was found to be available and unprotected, with approximately 20% of
this land was considered very suitable for biofuel production. It is worth noting however
that the suitability modelling framework was used for conventional oil and grain crops
production, and perennial grasses such as miscanthus and switchgrass could potentially
be more resilient. In China, marginal land including saline land, steep hillside and
idle land was evaluated at 35-75 Mha [117], while another study pointed to 44 Mha
exploitable for energy crops [I118]. A more detailed study on miscanthus production in
China evaluated at only 17 Mha the potential miscanthus production area in China, with
yields as low as 2 t/ha in bare areas [119]. In Europe, a study by Strapasson et al. based
on FAO land cover and land use data quantified the land available in the EU for bioenergy
production to 20 Mha [120]. In India, a study by Edrisi et al. evaluated the potential
of MAL for bioenergy production to 39 Mha, providing suitable soil amendments and
agro-technologies are used to improve the fertility /productivity of the various wasteland
considered [113]. Table summarises these findings, highlighting the great range in
marginal land availability assessments in the literature.
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Table 2.1: Literature review on marginal land availability

Region year MAL (Mha) Sources
South America 2011 1082-256° [114]
Brazil 2015 10°-384 [82]
China 2009 35-75¢ [117]
China 2011 44f [118]
China 2011 522.152P [114]
China 2016 ge-21h [119]
UK 2009 1.4 [121]
England and Wales 2010 0.6 [122]
UK 2015 3.4 [123]
Europe 2011 332-111° [114]
EU28 2016 20/ [120]
India 2011 182-151P [114]
India 2016 398-47¢ [113]
USA 2011 432-123b [114)
World 2011 320%-1,107P [114]
World 2013 56™-1,035™ [115]

2Mixed crop and natural vegetation land with marginal productivity.

bMixed crops and natural vegetation land, cropland, scrubland, savanna and grassland with
marginal productivity, discounting the total pasture land.

“Total protected MAL suitable or very suitable for conventional oil and grain crops.
dTotal unprotected MAL.

€Total MAL including saline, steep and idle land.

MTotal MAL.

EFraction of the MAL which is suitable.

hTotal MAL for Miscanthus.

"Total MAL for bioenergy based on FAO land use/land cover data.

jRelatively high quality land for perennial crops.

k0.2 for miscanthus, 0.4 for SRC willow from agricultural land quality and yield map.
ITotal available arable and grassland for bioenergy in 2030.

MCai et al. MAL values downscaled after land cover and human impacts corrections.

2.6.4 Agricultural residues

Using agricultural residues could represent an alternative to using marginal land, while
still avoiding land use change. However, mismanagement or over-utilisation of agricul-
tural residues could led to various negative impacts among increased water evapotran-
spiration, soil depletion, productivity loss, erosion [124] I25]. The use of agricultural
residues to reduce BECCS's impact on land use, water use and land use change, there-
fore needs to be carefully monitored.

In an attempt to address these issues, Chapter [3] presents the Modelling and Optimi-
sation of Negative Emissions Technologies (MONET), a BECCS value chain modelling
and optimisation framework, which can be used to quantify the water, land, energy,
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carbon and financial costs of BECCS value chain, and identify the regional drivers of
the cost and sustainability of BECCS deployment.



Chapter 3

The Maodelling and Optimisation
of Negative Emissions

Technologies (MONET)
framework

3.1 Objectives and overview of the MONET framework

In order to sustainably contribute to climate change mitigation, negative emissions
technologies must 1) deliver the service(s) for which they were deployed, i.e., CO;
removal and, in the case of BECCS, energy production, 2) at a low resource cost, and
3) with limited indirect impact on the markets and ecosystems. We have designated this
as the NETs trilemma, illustrated in figure [3.1] The NETs key performance indicators
(KPIs) include net CO, removal, tRCO2, and electricity production, tEB, cost, tcost, to
evaluate techno-economic performance, water use, tWU, land use, tLU, and biomass
use, tBU, to evaluate resource efficiency, and agricultural residue use, tRU, and land
use change, tLUC, to evaluate BECCS environmental impacts.

In order to position BECCS within this performance trilemma, we designed the MONET
framework which comprises 1) a BECCS value chain model which calculates the water
use, land use, net CO;, removed, CO, breakeven time, net electricity produced, net
CO; efficiency and cost of different BECCS value chains, and 2) a linear optimisation
model which determines BECCS optimal deployment — type of biomass used, location of
biomass supply regions, transport route/mode, location of BECCS plant/CO, storage —
from 2030 to 2100 with a decadal time step, subject to global or regional CO, removal
targets, land, biomass, CO, storage availability, and BECCS plant build rate constraints.

49
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Techno-economic performance

Carbon removal
Energy production/use

Cost
The NETs
trilemma
Environmental impacts Resource efficiency
Land use change Water use
Soil erosion Land use
Biochemical flows Biomass use/CO,
Biodiversity efficiency

Figure 3.1: NETs key performance indicators are reassembled in three categories: techno-
economic performance — net CO; removal, electricity production and cost, resource efficiency —
water, land and biomass use (equivalent to CO; efficiency), and environmental impacts — land
use change and agricultural residues use (with potential impact on soil productivity and erosion).
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Figure 3.2: lllustration of the MONET framework

3.2 BECKCS supply chain modelling framework

3.2.1 Supply chain model overview

The value chain model specifically accounts for biomass cultivating, harvesting, pel-
leting, transport to a given region and conversion in a pulverised combustion plant
combined with post-combustion CO; capture and subsequent storage in the vicinity of
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the power plant.

Sets

The value chain configurations are characterised by distinct:

biomass feedstock, b: miscanthus, switchgrass and short rotation coppice willow
as archetypal dedicated energy crops, and wheat straw as an archetypal agricul-
tural residue,

sub-region, sr, from which the biomass is imported: Brazil, China, EU, India
and the USA are considered as potential regions of import, and discretised at
the state/province level, resulting in 169 potential cells for biomass farming and
import to the UK. Each cell is defined by its area and the position of its centroid,
sub-region, sr’, where the biomass is converted in a BECCS plant and CO; is
stored in a nearby storage. Locations of BECCS plants are therefore constraints
by CO, storage availability.

land type, I, on which the biomass is grown: cropland, grassland, forest and
marginal land. The different land scenarios are included to account for direct
(LUC) and indirect (ILUC) land use change, i.e., the direct and indirect CO;
emissions associated with the conversion of a certain land type to bioenergy pro-
duction. Different types of land are associated with distinct LUC and ILUC, and
the resulting emissions are highly dependent on the biomass type, economic use
of the land, region, timeframe considered, etc. As a simplification in this study,
LUC and ILUC values, within a range of uncertainty, are attributed to the different
land types, regardless of the region and biomass type. It was therefore considered
that no LUC/ILUC was attributed to marginal land, medium LUC and high ILUC
were attributed to cropland and grassland, as using these managed lands means
an activity must be re-allocated elsewhere, and high LUC and no ILUC were at-
tributed to forests. Converting a low vegetation land such as a marginal land,
to a managed bioenergy crop with deep rooted perennial grasses, could result in
negative land use change, i.e. net soil CO; sequestration [92]. While these effects
could improve BECCS CO; balance, we adopted the conservative approach of not
considering them, given the uncertainty around their amplitude and permanence.
transport mode, t: different transport modes are considered included all road
transport in hauling trucks if there is a road access between sr and sr’, a combi-
nation of road transport and sea transport in bulk carriers, or only local transports
in hauling trucks in the BECCS plant is collocated with biomass production farms
(sr = st’).

port, p,p’, which is used for shipping the biomass from its region of origin to the
region of conversion and sequestration. Each sub-region sr (or s’) has access to
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a port p (or p') as long as there is a road access to this port.

= energy method, e, in which the energy balance is expressed: energy carrier, or
'EC’ (e.g., heat, electricity, fuel), primary energy, or 'PE’, where all energy inputs
and outputs are converted into primary energy equivalent, and electricity equiva-
lent, or 'EEQ’, where all energy inputs and outputs are converted into electricity
equivalent. This set is only used for the purpose of the energy balance and the
energy return on investment analysis (see Chapter /4)).

= annual time step, a, which is used to calculate the water, GHG, energy, cost and
land balances of a BECCS project.

= decade, time, which is used to model the optimal deployment of BECCS plants
between 2030 (assumed start date of deployment) and the end of the century.

Figure provides an overview of the key inputs/outputs of the BECCS supply chain
modelling framework.

BECCS supply chain modelling framework

Biomass b € {miscanthus, switchgrass, wheat straw,
WIIIow}
heating value HHV,(b), composition Cy;o(b), Npio(b),
Pyio(b), Kpio(b), moisture content MC;,(b)
yield curve yield(sr,b,a)"
crop coefficient curve K(sr,b,a)’
Crop lifetime CL
farming fuel requirement curve FRym(sr,b,a)*
Machinery cost cappacn(b)
Farming labour hours labg,m,
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Figure 3.3: BECCS water, carbon, energy and cost balance is evaluated over 50 years (to account
Biomass production or collection, processing, transport, conversion and
CO; capture, transport and storage are explicitly accounted for in the modelling.

for land use change).




3.2. BECCS SUPPLY CHAIN MODELLING FRAMEWORK 53

Spatial representation

The framework does not aim at predicting BECCS optimal deployment to meet global
targets, but highlight trends and trade-offs, as well as identify key drivers of BECCS
sustainability and cost. To limit computation time and model size, five regions of the
world with potential for biomass growth and/or CO, storage were chosen as represen-
tative of a range of climates and economies: Europe, Brazil, USA, India and China.
To capture variability in energy systems, economies and climates at the regional level,
while limiting the model size, these five countries were modelled at the country level for
Europe, and the state level for USA, India, China and Brazil. A schematic of the current
bio-geo-physical map of the MONET model is presented in Figure [3.4] including the
ports and biomass collection points. Polygon shapefiles of the administrative boundaries
of each macro-region were obtained from the ArcGIS databases [126]. All shapefiles
were projected in the WGS-1984 coordinate system, before being merged into one world
shapefile containing 169 cells. The latitude and longitude of the centroid of each cell,
as well as the cell area, were calculated using ArcGlIS, and used as inputs in the model.
Figure shows the world map with the positions of the sub-regions centroid.

Biomass pellets m W I™ .«
USA supply to a 500 e

Mw BeCs " M
ower plant fleet A

34 States

+ = Brazil

Legend -
Ports b
ICells

+ Weather stations Ly g

- Centr°|d Esri, HERE, DeLorme, MapmylIndia, © OpenStreetMap contributors, and the GIS user community.

Figure 3.4: Sub-regions sr (or cells) and ports p considered for BECCS value chain modelling in
MONET. Each cell is defined by its area and the position of its centroid, which were calculated
using ArcGIS 10.5 [126]. The map also displays the location of the weather stations, indicated
by the blue dot in each cell, and obtained from the software CLIMWAT 2.0, from which the
climate data of each sub-region was collected [I27]. As an example in this figure, biomass is
shipped to the UK for conversion and CO, sequestration.
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Temporal representation

Three time scales are considered in MONET: 1) a daily time scale, d € {1,2,....365},
over a year, 2) an annual time scale, a € {1,2,...,50}, over the project lifetime, PL,
and 3) a decadal time scale, time € {2030,2040,...,2100}. These three time steps
serve different modelling and optimisation purposes. First, the daily time step, d, is
used to calculate the crop water requirement over crop growth cycle. For each crop,
this daily time step allows to capture the first day of growth, the length (in days) of
the different growth periods, and the monthly variation of climate data such as average
temperature, precipitation or wind speed. The annual time step, a, is used to compute
the BECCS water, land, energy, carbon and cost balances. The balances are performed
summing the annual water use, land use, energy flows (use and generation), GHG flows
(GHG emissions and CO; removal) and financial flows (costs and revenues) on a hectare
of land. Whilst the crop lifetime (typically 15-20 years) could have been chosen as a
relevant time horizon for this balance, a longer time period of 50 years was considered
to capture the land use change effects occurring when converting a given type of land
to a bioenergy crop. We assume that this conversion only happens one time over 50
years, and that several crop lifetime may occur during that time without reconversion
of the land (see section [3.2.5). These balances are then divided by the amount of CO,
removal achieved over this 50 year period to obtain the average water use, land use,
net energy use and cost of a given BECCS configuration. Finally, the decadal time
step, time, is used to determine the optimal allocation of biomass production and CO;
storage sites given a starting BECCS deployment year (here assumed to be 2030) as
the CO, removal target increases over time. We also use this time horizon to assume a
decarbonisation of the energy system over time (electricity and fuels), as well as BECCS
plant capital costs reductions. The modelling framework is ran as a snapshot model
in different decades to account for these changes in the BECCS water, land, energy
and cost balances per ton of CO,. The dynamic aspect is therefore used to account
for the evolution of the CO, removal target, the depletion of CO, storage sites, the
decarbonisation of the energy system, and the capital cost reduction of BECCS plants.
Given the amount of uncertainty, all other data points including yield, farming energy
requirement, power plant efficiencies, are considered constant.

System boundaries for agriculture residues

For agricultural residues, it is assumed that straw is a by-product of wheat production.
Whilst there are a variety of approaches to attribute the energy use and GHG emissions
associated with the production of a crop, to agricultural residues [128H130], we have
decided to assume that land conversion and farming contributions were not attributed
to the residue. Straw carbon, energy, water and cost balances start at its collection from



3.2. BECCS SUPPLY CHAIN MODELLING FRAMEWORK 55

the field and ends at the power plant boiler. However, as straw would have normally
been left on the field to provide the crop with nutrients, additional fertilizers need to
be applied to compensate for its removal. From this perspective, water consumption
during wheat growth was not included in the evaluation of the water intensity of a wheat
straw-based BECCS facility.

3.2.2 Supply chain sub-models
Yield and crop cycle

Regional yield potential Yield,,(sr,b), lifetime CL(b), harvest rotation HR(b), and first
and second harvest yield potential, HP;(b) and HP>(b) (at which the crop yield is
typically lower than its full harvest potential) were gathered for each crop from the
literature. An additional residue recovery factor RR(b) is considered to convert wheat
grain yield into wheat straw yield. Its value may vary between 0.6-2.0 [I31], while it is
considered to be 1 for energy crops.

The annual yield, Yieldy,(sr,b), can then be calculated:

0 when no harvest
Yield,(sr,b).HPy(b).HR(sr,b).RR(b) at the first harvest

Yield(sr,b,a) =
Yieldy,(sr,b).HP>(b).HR(sr,b).RR(b) at the second harvest
Yieldy, (sr,b).HR(sr,b).RR(D) else
(3.1)
As well as the total yield over the project lifetime, PL:
PL
tYield(sr,b) = Y Yield(sr,b,a) (3.2)
a=1

Here, and throughout the model except if otherwise specified, yield is considered dry
biomass yield. The wet mass yield, Yieldwy(sr,b,a), can be obtained with the biomass
moisture content at harvest, MCp,,:

. Yield(sr,b,a
Yl@ldWM(Sr,b,a) = 1_]\4_(Cb(52> (33)
10
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Nutrient input

We recognise that the removal of residues results in soil nutrient depletion, and needs
to be compensated as a function of the residue yield [132]. It was assumed that 30%
(Nav), 100% (Pap) and 100% (Ko ) of straw nitrogen, phosphorus and potassium content
respectively, was available to the field [I32]. Given the composition of wheat straw, extra
NPK fertilizer input was then determined and included in the model.

RN extra(st,b,a) = Yield(sr,b,a).Nyjo(b).Ngy , for b residue (3.4)
Rp,05 extra(st,b,a) = Yield(sr,b,a).Pyio(b).Pap.Cp—p,0, . for b residue (3.5)
RKZO,extm(srzb/a) = Yield(sr,b,a).Kbio(b).Kav.CK%Kzo , for b residue (36)

For energy crops, fertiliser input is calculated as a function of yield and the biomass
nutrient content (N0, Ppio,Kpio) [133]. No prior natural deposition of nitrogen in the
soil was considered.

Ry (sr,b,a) = Yield(sr,b,a).Ny,(b)
Rp,0,(sr,b,a) = Yield(sr,b,a).Pyi,(b).Cp_p,05
Rx,0(sr,b,a) = Yield(sr,b,a).Kpi,(b).Cxk—x,0

Farming fuel use

In-field operations such as harrowing, ploughing, seeding, packing, fertilizing, etc. during
site preparation, or mowing, harvesting, baling, etc. during harvest, require fuel in the
form of diesel. Fuel efficiency associated with land preparation, FRlandprep(b) in L/ha,
with harvest/maintenance, FRjes:(b) in L/ha/harvest, for each crop, and irrigation
ERjprig in MJ/mm, were gathered from the literature.

Biomass transport

Sub-regions are polygons represented geographically by the latitude Lat(sr) and lon-
gitude Long(sr) of their centroid. Similarly, ports are represented by their latitude
PortLat(p) and longitude PortLong(p). The road distance, RD,(sr,p) between sr
and p, or RD(sr,sr') between sr and sr/, is calculated with the euclidian distance
between these two points, corrected by a region tortuosity factor t,(sr):

RDP(Sr,p) = tr(ST) X Reartn ¥ arc‘)S(Sin((PPortLat(p))Sin(Lat(Sr))+
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cos(PortLat(p))cos(Lat(sr))cos(Lat(sr) — PortLat(p))) (3.10)
RD(s1,51") = t(57) X Reaytn X arcos(sin(dpas(syy)sin(Lat(sr))+
cos(Lat(sr"))cos(Lat(sr))cos(Lat(sr) — Lat(sr"))) (3.11)

Three transport options are considered: (1) road transport by heavy duty vehicles (HDV)
if there is a road access between sr and s’ (t = 1), (2) a combination of road and
sea transport by container ship (t = 2), (3) and short distance transport (50k) by HDV
if sr = s’ (t = 3). For simplicity, rail and barge are not considered in this analysis.
The least emitting transport route — option (1), (2) or (3), and optimal ports p and
p’ in option (2) — is determined prior to the optimisation program. Depending on the
transport option t, different transport distances can then be computed:

RDy(sr,p) ifsr #sr’ and p # p'

and I”dPortAccess(Sr/P) =1

and IndPortAccess (ST/,P’) =1

and t = RoadSeaRoad
RD1(set1) = (3.12)
RD(sr,sr") if sr # sr'and p # p’

and IndRoad Access (57157) =1

and t = Road

50 if s+ = sr'and t = NoTransport

(SDy(p,p) i sr# s’ and p # p'
and IndPortAccess(Sr/p) =1
and IndPortAccess(Sr/lp/) =1
and t = RoadSeaRoad

0 if sr # sr'and p # p’
and IndRoad Access (ST’,ST’) =1
and t = Road

0 if sr % st’and p # p/

and IndRoad Access (57,57) = 1

SD(setl) = (3.13)

0 if sr = sr’and t = NoTransport
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RDy(sr',p') if st # 51’ and p # p/
and IndPortAccess(Sr/p) =1
and IndPortAccess(Sr//p/) =1
and t = RoadSeaRoad

RD2(setl) = (3.14)
0 if sr # sr'and p # p/
and IndRrogdaceess (s7,51) =1
and t = Road
0 if sr = st’and t = NoTransport

where RD1(set1) is the distance for the first leg of the journey (from sr to sr’ in option
1, from sr to p in option 2, or from the farm to the power plant if sr = sr’ in option
3), SD(set1) is the shipping distance between p and p’ in option 2, and RD2(set1) the
distance from p’ to s’ in option 2.

The values for the fuel efficiency, emission factor and cost factors of biomass transport
vary with transportation mean and biomass format.

Biomass processing

Biomass can be supplied to the power plant in various forms, such as bales, chips,
pellets or briquettes. Transport costs (financial, CO; or energy wise) are typically lower
for biomass feedstock in denser form [134]. Pelleting biomass also enables to reduce
biomass loss along the supply chain. Conversely, each biomass conditioning process
involves different processing stages and moisture requirements, resulting in a different
supply chain energy cost. As the optimal moisture content for biomass combustion is
around 10-15 wt% [135) [136], drying biomass is generally required. Pelleting biomass
also requires a feedstock at around 10 wt% moisture [137]. Information on the pelleting
process is extensively available in the Pellet Handbook by Obernberger & Theck [138]. In
order to be condensed as a proper fuel, harvested biomass needs to have its size reduced
(chopping, chipping), dried to a maximum moisture content of 15%, further milled
(grinding) and go through the pelleting process (die extruder). Processing operations
require energy both in the form of fuel (drying) and electrical power (size reduction,
drying, grinding, pelleting, cooling). Knowing the energy requirement ERy of each
process, k, in MJ/twn, and the process biomass input Bioyrock—1,wm, €ach processing
contribution to biomass embodied energy can be calculated. The energy requirement
in MJ/t for biomass processing is taken from the literature (experimental and industrial
data) for size reduction, grinding and pelleting. Because pelleting biomass incurs both
an energy and financial penalty on the system, there is a trade-off between the gains
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made over transport and dry mass loss, and the processing cost. In modelling the
biomass supply chain in MONET, the following was assumed:

» If biomass transport is within a region (i.e., sr = sr’), biomass is baled (mis-
canthus, switchgrass, wheat straw) or chipped (willow) at harvest, dried, and
transported in this format to the power plant.

» If biomass transport is interregional (i.e., sr # sr’), biomass bales or chips are
dried, grinded and pelleted prior to transport.

Biomass yield loss over supply chain

At each step k € {size reduction, drying, grinding, pelleting, road transport 1, sea
transport, road transport 2}, or {SR, D, G, P, RT1, ST, RT2, PG} of the value chain,
we assume that some biomass is lost, either through dry mass loss or moisture loss (when
heated). Moisture loss, MLy, and solid recovery, SRy, factors are therefore considered
for each process k, and links each process's biomass input, Biopmclk_l(sr,sr/,b,a), and
output, Biopyeck(s7,57,b,a):

BiOpyoc (57,57 ,b,a) = Biopyec—1(st,51',b,a) x SRy(sr,s1"), ¥ stagek, sr # sr' (3.15)

and

MCproc (51,57 ,b,a) = MCproc i1 (7,57 ,b,a) — MLy, ¥ stage k, sr # sr’ (3.16)

The final amount of dry pellets delivered at the power, Pellet(sr,sr’,b,t,a) plant is thus
the following:

Pellet(sr,st',b,t,a) = Bioyroc,pc (sr,st',b,t,a) (3.17)

and the total amount of pellets over the project lifetime:

PL
tPellet(sr,st’ ,bt,a) = Z Pellet(sr,sr',b,t,a) (3.18)

year=1
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BECCS plant model

The BECCS plant power generation efficiency is a function of the base plant steam cycle
performance (subcritical, supercritical or ultra-supercritical), CO, capture system and
fuel composition. As this thesis strongly focuses on the biomass supply side, conservative
assumptions were made as to the performance of the BECCS base plant and capture sys-
tem. A supercritical pulverised combustion power plant with post-combustion capture
rate was chosen as the archetypal BECCS system for this analysis. The capture system
was modelled as a 30% weight monoethanolamine solvent absorption which requires 3.6
GJ per tonne of CO; recovered (whilst we acknowledge that solvent regeneration heat
duty of 2 GJ could be achieved with advanced solvents [14]). As this study focuses
on the impact of large scale deployment of BECCS, at a low spatial resolution, a size
of 500 MW (the order of magnitude of a DRAX unit) was chosen for the system size.
To evaluate the impact of biomass co-firing and CO, capture rate on the system'’s en-
ergy and water efficiencies, this base plant was modelled in the Integrated Environment
Control Model (IECM [62]). The Compression of CO; to 110 bar for transport is also
included. As a reference point, In IECM, the base efficiency of the plant with 100%
coal and no CO; capture is 38.9%yny. In the IECM modelling framework, the fuel
flow rate, Fgel, is adjusted to meet the 500 MW capacity depending on the fuel input
conditions. Different capture rates, Rccs and co-firing fractions of biomass with coal,
Cy, were considered. The properties of the biomass-coal mixture is first determined
with the co-firing rate:

HHVyio wm(sr,b) = HHVyjo(b) X (1 — MCpejjet(s7,b)) (3.19)
HHVfuel (sr,b) = HHV o5 X (1 — Cf) +Cf x HHVb,'O,WM(ST,b) (3.20)
Cfuel(sr/b) = Cf X Cbio(b)(l - Mcpellet<sr/b)) + (1 - Cf) X Ceoal (3'21)

Polynomial fit functions of the fuel carbon content, C,;(s7,b), heating value, HH V¢ (s7,b)
and the power plant capture rate, Rccg, were derived from IECM to calculate the power
plant generation efficiency npp(sr,b), net power output NPO(sr,b) and the make-up
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water flowrate Fyy (sr,b):

NPO(sr,b) = FITnpo(Cruer(s7,b), HH Ve (s7,b),Recs) (3.22)
Fuater(s7,b) = FITE,,,., (Cruer (s7,b), HH Ve (s7,b),Recs) (3.23)
npp(st,b) = FITy,, (Cpuet, HHViyer(s7,b),Recs) (3.24)
Fpet(s7,b) = NPO(sr,b) (3.25)

nep(sr,b) x HH Ve (s7,b)

CO; transport and storage

A high level description of the CO, transport and storage part of the BECCS value
chain is included in MONET. BECCS facilities and CO, storage sites are collocated. A
100 km CO, transport distance is considered for CO, transport to a storage site. A
6% CO, leakage from CO;, T&S is considered in the carbon footprint model to account
for compression and injection energy use and its subsequent emissions [139]. A cost of
$15.4/tCO; is considered for CO, transport and was calculated based on the capital and
operating costs of a 3 MtCO; /yr capacity, 100k length, 20 years lifetime CO, transport
pipeline [140]. A $5/tCO; is assumed in addition for CO, storage.

3.2.3 BECCS water balance
Biomass green, blue and grey water footprints

The water footprint of a crop in a given region can be interpreted as the summation of
three contributions: the green, blue and grey water. Two metrics specific to the crop
and region (climate) are required for the computation of the green and grey water foot-
prints: the annual crop water requirement CWR(sr,b) and the effective precipitations
that the crop receives, Preff(sr,m), after water run-off. We use Food and Agriculture
Organisation (FAO) guidelines [141] to compute these metrics.
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To calculate how much water is received and required by the crop growth, each crop’s
seasonal/annual growth cycle, including length of annual crop growth, GCL(sr,b) (in
days), first and end day of annual growth (GSD(sr,b) and GED(sr,b), respectively),
length of each growth phase (initial growth, medium growth, late phase and end of
growth), and crop coefficient, Kc;,i(st,b), Kcyia(st,b), Kcona(sr,b) associated with each
growth phase, were collected from the literature. The shape of the growth cycle is
represented in Figure [3.5

Crop coefficient

K.(sthd)
Kemia (D)
K jace (D)
K ini(B)
St | Stb) Sty (b) Sty) § t (days d)
Growth Start Day: L Y ) Growth End Day:
GSD(sphb ;
el Growth Cycle Length: s G
GCL(spb)

Figure 3.5: lllustration of a crop growth cycle.

The crop water requirement is calculated by multiplying a regional daily reference evap-
otranspiration rate ETy(sr,d) with the daily crop coefficient curve K.(sr,b,d):

CWR jay(s7,d) = Kc(sr,b,d) X ETg gay(s7,d) (3.26)

ETy(sr,m) is calculated monthly using the Penman-Monteith equation, and daily as-
suming all days of the month have the same evapotranspiration rate:

0.408A(sr,m) (R, (sr,m) — G(sr,m)) + 9007y (s7)uzy, (sr,m) es(sr,m)—e, (sr,m)
ETy(sr,m) =

Tonean (s1,m)+273.15
A(sr,m) + 7y (sr) x (1 + 0.34)ugy, (sr,m)
(3.27)

where A(sr,m) is the slope of the saturation vapour pressure curve, R, (sr,m) the net
solar radiation, G(sr,m) the soil heat flux, y(sr) the psychometric constant of air at a
given atmospheric pressure, Uy, (sr,m), the wind speed at 2 meters, es(sr,m), the mean
saturation vapour pressure, e,(sr,m), the actual monthly average vapour pressure and
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Tmean (s7,m), the monthly average mean temperature. All metrics are calculated monthly
for each sub-region sr, following the FAO guidelines [141], using monthly climate data
including average low and high temperatures, average daily sunshine hours, average
wind speed at 2 meters, monthly mean humidity, elevation of weather station, latitude
of weather station, from a weather station in each region sr.

In MONET, we assume that the green water footprint is then determined by share of
the crop water requirement fulfilled by precipitation received over the crop cycle. To
calculate the total green water footprint per ton of pellet delivered at the power plant,
we amortise this quantity over the total amount of pellets delivered over the project
lifetime:

Yaccer Min(CWR gqy (s7,b,d),Pr £ 4ay (s7,d)) x PL

/ _
GreenWF (sr,sr',b,t) = EPellet (57,5r'b.1)

(3.28)

The blue water is assumed to be the amount of fresh water required in addition to the
green water to compensate for the crop evapotranspiration, or the irrigation need over
the growth cycle, INgc(sr,b):

INge(srb) = Y CWRgay(sr,b,d) — Pregfday(sr,d) (3.29)
deGCL

INcc(Si’,b) X PL
tPellet(sr,sr'b,t)

BlueWF(sr,sr',b,t) = (3.30)

The last contribution, the grey water, accounts for water pollution resulting from farm-
ing. The main cause of water pollution is assumed to be nitrogen leaching from nitrogen-
based fertilizer use [142]. Following the work of Mekonnen et al., we calculate the
amount of fresh water needed to dilute the water nitrates concentration to its usual
background level [143]. Grey water footprint is thus a direct function of nitrogen-based
fertilizer application rate (in kg/ha/yr), and nitrogen leaching, Njegen:

ZngL Nieaen X RN(Srzb/ﬂ)

GreyWFE = 0.01 x tPellet(sr,st',b,t)

(3.31)
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The total supply chain water footprint is calculated summing all three terms:

WFsc(sr,st',b,t) = BlueWF(sr,st',b,t) + GreenWF (sr,sr’ ,b,t) + GreyWF (sr,sr',b,t)
(3.32)

BECCS plant water use

Key drivers of a power plant’s water intensity of power plant include the plant cooling
system, plant performance and local climate conditions [I44]. The three main cool-
ing systems in use in power plants today, in order of decreasing water withdrawal, are
the wet once-through, wet recirculating cooling tower and dry cooling (air). When
comparing the water intensity of each cooling system, it is important to differentiate
between water withdrawal and water consumption. The water consumed is the frac-
tion of the total water withdrawn from the cooling source which is not returned to
the source after use. Country-specific data on cooling systems and water withdrawal
from electricity remains scarce. From the modelling of both 2005 and future cooling
system shares available in Davies et al., it is observed that recirculating wet cooling
towers represents the highest present and future share in the USA China, Europe, India
and Latin America [144]. Though the authors project a significant penetration of dry
cooling systems, which are the least water consumptive, we assumed that all BECCS
plants are built with a wet recirculating cooling tower, which is a state-of-the-art system.

In this study, the power plant hydrodynamic efficiency is assessed by the water intensity,
WI(sr,b), which is considered to be the amount of fresh water withdrawn per MWh of
electricity generated.

Fuater (sr,b
W pp(sr,b) = Nptogsrb; (3.33)

BECCS plant water footprint, WFpp(sr,b) can also be calculated per ton of pellet:

Fwater
WF, b) = *
pp(s7,b) Cr X Fruer(b) x (1 = MCpepier (b)) o
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Total BECCS water footprint

BECCS total water footprint is calculated summing the biomass production water foot-
print, WFsc(sr,s7',b,t), with the water used within the power plant, WFpp(sr,b):

WEF(sr,st',b,t) = WFEsc(sr,s',b,t) + WFpp(sr,b) (3.35)

The marginal water footprint, MWF (sr,st’,b,t) is defined by the sum of the volumes of
blue and grey water required in addition to green water:

MWE (sr,st',b,t) = BlueWFsc(sr,st',b,t) + GreyWF (sr,st’,b,t) + WFpp(sr,b) (3.36)

3.2.4 BECCS energy balance

An energy balance is performed over the full BECCS value chain, accounting for direct
and indirect energy uses along the BECCS biomass supply chain, and the electricity
produced at the power plant gate.

Energy carrier, primary energy, and electrical energy equivalent

MONET builds upon various energy return on investment (or EROI) methodologies
developed by Hall et al. [145, [146], Murphy et al. [147], Raugei et al. [148] and Dale
et al. [149], to perform a dynamic accounting of the system energy inputs and outputs
over time. Because of the variable nature and quality of the different energy inputs
(e.g., fuel, electricity or heat), a set e, of energy methods, was implemented to express
the energy inputs and outputs under different boundary assumptions. To convert to use
of a fuel j as an energy carrier, an embodied energy EEj(e) is used. It is equal to 1
when e="EC’, and to the fuel supply chain energy use, or embodied energy, for e='PE’
and e="EEQ’.

In the case of chemical inputs (fertilizers, lime, herbicide and pesticide), MONET ex-
plicitly considers them by including the manufacturing energy of these inputs. As these
chemicals are usually made from natural gas, this embodied energy is considered both
as an energy carrier and primary energy input [150].

To convert the use of electricity to primary energy, For electricity however, regional
average power generation efficiencies, Wgrid(sr) were used [151}, [152]:
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C (sr,/PE') = 1 (3.37)
elec—PE\°", 7’]grid (ST) .
Celec%PE(Sr//Ec/) =1 (338)
Celecspe(s7,/EEQ") = 1 (3.39)

Finally to convert energy carriers into electrical energy equivalents, conversation factors,
Cj_mlgc(sr,e), specific to each fuel j, were obtained using the regional conversation
efficiencies of this fuel j to electricity:

C]-Helec(sr,’EC’) =1 (3.40)

Cjetec(sr,/PE") =1 (3.41)
1

C; sr/EEQ)) = ——— 3.42

]—>elec( Q ) 77j—>elec(sr) ( )

Decarbonisation of the energy system

To be consistent with time-evolving CO, removal targets, we consider the decarboni-
sation of both the electricity and transport/fuel sectors over time in each 1.5C repre-
sentative pathway (P1 to P4). For the decarbonisation of the electricity, we computed
the carbon intensity of the electricity using the IAMC 1.5 scenario explorer database
[10], for Asia, Latin America and the OECD/EU (or ASIA, LAM and OECD/EU in the
database). We computed the decreasing trend of the electricity carbon intensity relative
to a 2020 value, and applied it to the model's BAU electricity carbon intensity in each
region (for China and India using ASIA trends, Brazil using LAM trends, and the USA
and EU using OECD/EU trends). The carbon intensity was considered to be zero when
negative.

For fuel use at the biomass production (machinery) and transport (truck and shipping)
levels, no clear decarbonisation pathway can be obtained from the IAMC 1.5°C scenario
explorer database. In the IEA "Modern Truck Scenario’ (MTS), a combination of fuel
switching and energy efficiency measures is projected to decrease road freight final en-
ergy demand from 36 EJ in 2015 to 27 EJ in 2050, while well-to-wheel GHG emissions
drop from 3.1 GtCO; in 2015 to 1.2 GtCO; in 2050 [I53]. This suggests a 52% drop
in road freight transport CO, intensity per unit of energy by 2050. In adopting a con-
servative approach, we assumed a freight transport decarbonisation trajectory starting
from 0% in 2030 and increasing with a 20% increment per decade (20% in 2040, 40%
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in 2050, etc.) all to way to 100% in 2080. Decarbonisation options for freight road
transport include 1) natural gas — in compressed (CNG) or liquefied (LNG) form, LNG
being more suitable for higher mileage, larger payload vehicles [153], 2) hydrogen, 3)
electric vehicle and 4) biofuels. In the IEA MTS, most of the decarbonisation is achieved
through the switch to hybrid (approx. 30% of the heavy vehicle fleet) or fully electri-
fied (approx. 35% of the heavy vehicle fleet) trucks, while biofuel meet 23% of final
road transport energy demand in 2050 [153]. Transport decarbonisation not being the
subject of this thesis, and recognising that the actual road transport decarbonisation
will likely be different, we assume for simplicity that road transport decarbonisation is
achieved through fuel switching to biofuels. In line with the theme of our study, we
consider that biofuels are however not 100% carbon neutral, and have an associated
supply chain emissions factor.

Owing to the uncertainty around shipping emissions reduction, we assume that shipping
biomass in container ships remains undecarbonised.

For biomass drying, finally, we assume that natural gas ('NG’) is used in 2030, and is
switched to 100% wood drying as early as 2040. The cost of fuels remains however
constant over time. We acknowledge that these assumptions might be oversimplifica-
tions, but they offer a conservative approach towards decarbonisation of transport, as
an emission factor of biofuel is considered.

The embodied energy, EEy,(e,time) (below as an example), emission factor, EFy, (time),
heating value, LHVy,(time), and cost, cost s, (time) of farming/processing fuel are
thus calculated with a linear combination of diesel and biodiesel ('bioD"), based on the
biofuel share, fracy;,fue(time):

EEfyei(e,time) = EEgjeser(e) X (1 — fracyiopuer (time)) + EEpiop(e) X fracyiofuel (time)
(3.43)

The biodiesel emission factor is only considered to be the biofuel supply chain carbon
footprint, as direct emissions are considered carbon neutral. For biomass drying, the em-
bodied energy, EEing(time) (below as an example), emission factor, EFyying(time),
boiler efficiency, np(time), and heating value, LHVj,yine(time), of the drying fuel are
calculated in a similar fashion:

EErying(e,time) = EEng(e) X (1 — fracyiopuer (time)) + EEqooi(€) X fracyioar (time)
(3.44)
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Akin to biodiesel, the emission factor for wood pellets is considered to be the wood
pellets supply chain carbon footprint, as direct emissions are considered carbon neutral.

For road transport, the emission factors in kgCO,/t.km, EFgy s(time) for all biomass
formats f & {pellets, chips, bale } (or {pel, chip, bal } ), are also calculated using

fracbiofuel (time) :

EFgr,f(time) = EFprdiesel,f X (1 — fracyiofuer (time)) + EFrrion, £ (€)
X fracbiofuel(time) (3'45)

The fuel efficiency, FEgr,s of using biodiesel or diesel for road transport is however
assumed constant.

Supply chain energy demand

Both the direct and indirect energy demand of producing, processing, transporting and
converting the biomass was considered in the energy balance. Direct energy inputs
include diesel use for biomass farming, irrigation, size reduction, and transport in truck,
heavy fuel oil used for biomass shipping, natural gas or wood pellets used for biomass
drying, and electricity used for biomass pelleting process. Indirect energy inputs include
the energy demand associated with the supply chain of input products such as seeds,
fertilisers, lime and herbicides, typically manufactured using natural gas, as well as that
of fuels (diesel, heavy fuel oil, natural gas).

The energy demand of each stage is first calculated for each year, a, per hectare:

= Application of inputs i € { seed, lime, herb, N, P,0s5, K,0 }, with an embodied
energy EE; (or EE;(b) for switchgrass seeds/miscanthus rhizome/willow planting),
and at a application rate R;(sr,b,a) in kg/ha (or in kg/ha for switchgrass seeds,
rhizome/ha for miscanthus or planting/ha for willow):

EDjuputs ua (ST,b,8,6,time) = CNG—power(€)- Y_ Ri(sr,b,a).EE;(b)
i

EE (e time)

e fuel\FsEERE ) C. ’
LHVfuel (time) ) X Cdiesel—elec (Sr e)

+ ZRZ‘(ST’,b,LI) X ERSumens X (1 +
i
(3.46)

Seeds (or rhizome or plantings) and lime are only applied the first year of the crop
cycle during land preparation (IndLandprep(sr,b,u)), whilst herbicides are applied
annually, and fertilisers during harvests (Indj,.,(sr,b,a)). This is reflected in the
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application rate function of each products, R;(sr,b,a), which varies over time. The
energy requirement to transport supplies, ERgypTrans, in MJ/kg, in also consid-
ered.

= Farming operations, which includes the land preparation fuel requirement in L/ha,
FRpandprep(b), the harvest or collection (for residues) fuel requirement in L/ha,
FRygroest (D), the irrigation energy in MJ/mm, ER.,, which is multiplied by
the annual irrigation need in mm/ha/yr, INyeq(s7,b), and the transport to the
pelleting plant, which is assumed to be located at a distance D4, of 25 km from
the farm:

EDfurm,ha (sr,b,a,e,tz'me) = (FRLandprep(b)-lndLandprep (sr,b,a)
+ PRharv(b)'Indhurv (sr,b) + ERirrig X INyear (Sr/b)
+ Dfarm X Yieldwpi(sr,b,a) x FEgy (time)
X (EEfyei(e,time) + LH Ve (time)) X Caiesel—setec(57,)  (3.47)

= biomass feedstock size reduction (chopping/chipping) fuel requirement (diesel or
biodiesel):

EEfuel(e,time)
LHVfuel(time)
x Yieldwp (sr,b,a) X Caiesel—serec(st,e) (3.48)

EDgg ja(st,b,a,e,time) = ERgr(b) x (1 +

= biomass feedstock drying energy requirement in the form of fuel (natural gas or
wood pellets) and power:

EDp jq(s7,b,ae,time) = ERp(b) X Bioyroc,srwm(s7,b,a) X EEec(s7,e)
EEyying (e time)

C
LHVdrying(time)) X NG—>eleC(e)

X Bioproc,srwm(sr,b,a)  (3.49)

+ FRp(sr,b,time) x (14

where FRp (st,b,time) is the fuel requirement determined by the dryer evaporation
energy in MJ/tH20, HR,uap,p, biomass inlet moisture content, MCpyoc sr(s7,b)
and the biomass target moisture content TMCp, which is required prior to pel-
leting or transport:
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HR MC sr,b TMC b
FRD(sr,b,time) _ ev‘ap,D proc,SR( ) _ D(Sr ) )
np(time) "1 — MCprocsr(s7,b) 1 —TMCp(sr,b)
(3.50)

HRepap,p was pre-determined using a dryer model described in Appendix @
= biomass grinding, pelleting, cooling power requirement:

EDk,hu (Srlbla/eltime) = ERk(b)'Bioproc,kfl,WM(Sr/bra)-EEelec(Srre)/
k € {G,P,C,PG} (3.51)

= biomass transport to the conversation plant (RT1, ST and RT2), depending on
the transport mode t and the biomass transport format f:

EDgr1a(setl,a,e,time) = RD1(setl) x FEgr,¢(time)
X (LHVp + EEfyei(etime)).Caiesel —setec(€)-Bioproc,p,wm(sr,b,a) - (3.52)

EDst ja(setl,a,e) = SD(sr,st',p,p',t) X FEgro X EEgro(e)

X CHFO-selec (e)-BiOproc,RTl,WM (sr,b,a) (3.53)

EDgroua(setl) = RD2(setl) x FEgy s(time).(LHV,(time) + EEfyq (e time))

X Cdieseltoelec(e) X Bioproc,ST,WM(sr/b/a) (3-54)

= biomass pellet grinding at the power plant prior to combustion:

ERpc X Bio sr,b,a) X EE,.(e) if sr # st
EDPG,ha (sr,b,a,e) _ PG ‘ proc,RTZ,WM( ) elec( ) | 7&
ERgG X Bioproc,rT2,wm (57,b,a) X EEgec(e) if sv = s’

(3.55)

The annual, tEDgc j,, cumulative, CEDgc j,, and total supply chain energy demand per
ton of biomass pellets over the project lifetime, tEDgc, can then be calculated:
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EDgc jq(setl,a e time) = ZEDk,hﬂ(setl,a,e,time) (3.56)
k
a
CEDgc jq(setl,a e time) = Y EDgc pa(set1,a’ e time) (3.57)
a'=1

CEDgc jq(setl,PL,e,time)

tED 12) =
sc(set2) tPellet(sr,sr',b,t)

(3.58)

To this energy demand must be added the energy demand from using coal instead of
biomass, when the co-firing rate is lower than 100%:

EDqou (sr,st',b,t,ae) = Pellet(sr,sr',b,t,a) x

Cf -1 X (1 + Mcpellet(srrb)

X EEcoa (6) (359)

PL
tED coqr (s7,8t b te) = Z ED oai(s1,s7 b tae) (3.60)
a=1

BECCS total value chain energy demand thus becomes:

EDy,(setl,a,e,time) = EDsc . (setl,a,e,time) + EDop (57,5t ,b,t,a,e) (3.61)

a
CEDy,(setl,a,e,time) = Z EDy,(setl,d e time) (3.62)
a'=1
CEDy,(set1,PL,e,time)
tED(set2) = 3.63
(set2) tPellet(sr,sr',b,t) (3.63)

Energy generation

BECCS energy production can be expressed in total raw bioenergy production (at har-
vest), bioenergy production (in the form of bio pellets prior to combustion), and elec-
tricity generation.
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The annual, EGy;,, and cumulative raw bioenergy production, CEGyio are calculated
from the annual biomass yield:

EGy;o(sr,b,a) = Yield(sr,b,a) x HHV;,(b) x 1000 (3.64)
CEGy;y(sr,b,a) = CYield(sr,b,a) x HHVy,,(b) x 1000 (3.65)

The annual, EGpejer and cumulative, CEGpejier, bioenergy production in the form of
pellets are calculated from the annual and cumulative biomass pellet production:

EGyeiet (st,s1',b,t,a) = Pellet(sr,sr'b,t,a) x HHVyjo(b) x 1000 (3.66)
CEG eijet (sr,s1',b,t,a) = CPellet(sr,sr',b,t,a) x HHVy;,(b) x 1000 (3.67)

The BECCS plant annual, EGpp, cumulative, CEGpp, and total electricity generation
over the project lifetime, tEGpp can be calculated:

Pellet(sr,sr',b,t,a)
/ _ 7 lAdidd
EGpp(sr,sr',b,t,a) = T MCopes(s7.0) x HHVye1(b)) x np(s7,b) (3.68)
a
CEGpp(st,sr',b,t,a) = Y EGpp(sr,sr',b,t,a) (3.69)
a'=1
tEGpp(sr,st’,b,t) = CEGpp(sr,st’,bt,PL) (3.70)

BECCS net energy balance

Different indicators are computed to assess BECCS performance in terms of energy
production:

= The energy Return on Investment EROI(set1,a,e,time), the ratio of the cumula-
tive supply chain primary energy demand to the cumulative primary energy gen-
erated (in the form of biomass pellets):

CEG ejet (st,51,b,a)
EROI(set1,a,e,time) = P~ 3.71
Ol(setl e time) CEDgsc pa(setl,a,'PE time) (3.71)
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= Electricity Return on Investment E;ROI(sr,b,yr), the ratio of the cumulative
primary energy demand to the cumulative electricity generated:

) CEGpp(sr,st,b,t,a)
E;ROI(set1,a,e,time) = CEDy, (setl,a, PE/ time) (3.72)

» The cumulative net Electricity Balance CNEB(set1,a,e,time), the difference be-
tween the electricity generated by the system and the cumulative electricity de-
mand along BECCS value chain:

NE;B(sr,b,yr) = CEGpp(sr,st’,b,t,a) — CEDy,(setl,a/EEQ’ time) (3.73)
= Electricity breakeven time BETE, the time required for the E;ROI to be above

one:

BETkg(set,a,time) = Z{HIEZROI(setl,a,time) <1} (3.74)
a

Similarly, another definition is the time required for the net cumulative electricity
balance to be positive:

BETg(setl,a,time) = Y _{yr|CNE;B(sr,b,yr) < 0} (3.75)
yr

Figure provides an overview of the BECCS energy model and its key indicators.
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Figure 3.6: Net Electricity Balance, Electricity Return On Investment and Electricity Pay-Back
Time are calculated based on these metrics.

3.2.5 BECCS carbon balance

BECCS supply chain GHG emissions

The same methodology is applied for the accounting of GHG emissions along BECCS
value chain, with the following changes:

For each input 7, the embodied energy term, EE; (or EE;(b) for seeds/rhizome/-
plantings), are replaced by the carbon footprint term, CF; (or CF;(b) for seed-
s/rhizome/plantings)

For each fuel j, the embodied energy term, EE]- (e), is replaced by the emission fac-
tor term, EPj, for fossil fuels including natural gas, diesel and HFO, or by a carbon
footprint term, CF;, for biofuels including biodiesel and wood pellets. The energy
methods set, e, is no longer used as no distinction are longer made between energy
carriers, primary energy and electrical energy equivalent for emissions accounting,
For each transport mode, m € {RT, ST }, and biomass transport format, f &
{pel, chip, bal }, fuel efficiencies, FE,, s are replaced by emission factors EF,, ¢
two additional emission sources are accounted in the balance, including 1) direct
and indirect land use change emissions from land conversion, 2) direct N,O emis-
sions from fertiliser application. These additional emission sources are described
below,

BECCS supply chain annual carbon footprint, CFsc j,(set2’,time), is calculated
as the summation of all emissions terms up to the power plant,

BECCS supply chain total carbon footprint, tCFsc(set2’,time), is calculated as
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the summation of all emissions terms up to the power plant, and divided by the
total number of dry pellets delivered at the plants, tPellet(sr,s',b,t), over the
BECCS project lifetime, PL,

Land use change To account for direct land use changes, conversion emission factors
in tCOy/ha for each land type were taken from the literature 76 [85]. These LUC emis-
sions factors were assumed constant per land type and biomass type across all MONET
regions. This is an approximation as these factors are likely to be highly dependent on
the region/climate (e.g., variation in vegetation density) as well as on which crop the
land is converted to. Whilst some regional projects provide direct emissions factors for
specific land transitions (for example the ELUM project in the UK, which provides direct
emissions factors for grassland to wheat production and short rotation forestry [154]),
no existing source provides emissions factors for all MONET regions using the same
set of assumptions. When averaging emissions factors from Fargione et al. and Plevin
et al., we find an average grassland direct emissions factor of 13.6 tCO, per hectare.
To compare these values with those of the ELUM project for example, transitioning
from grassland to wheat and short rotation forestry (SRF) in the UK can generate a
net emissions factor up to 40 tCOy/ha for wheat and 20 tCO;/ha for SRF in some UK
regions, but the transition factors for most of the UK remain below 12 tCO;/ha for
wheat, and 0.05 tCO;/ha for short rotation forestry. This suggests that the numbers
used in our analysis might be conservative estimates for some of MONET regions.

Indirect land use change emissions factors are even for difficult to asses. They also
depend on the initial use of the land, and the biomass crop the land is transitioned to,
but equally depend on where the activity is reallocated. Land types were thus classified
into two categories; managed land, i.e., already allocated to an activity, and unman-
aged land. If converting part of a managed land — cropland or grassland — to biomass
production, an ILUC conversion factor in tCO; was attributed. When converting a land
unallocated to any activity, ILUC was considered to be zero. This is not a conserva-
tive estimate as accessing this unused land is likely to involve establishing a logistic
chain (e.g, building roads), and could potentially involve indirect land use change by
trespassing over used land. ILUC conversion factors in tCO,/ha are not found as such
in the literature. Indirect land use change emissions have been thoroughly investigated
in the context of biofuels in which conversion factors are expressed in tCO,/MJ, and
are a function of the biofuel energy yield MJ/(ha.yr), time horizon (in years), fraction
of land displaced (in %p,) and average emission factor resulting from the activity dis-
placed (in tCOy/ha). Two different sources were used: an analysis by Plevin et al.
based on corn bioethanol in the US [85], and an analysis from Overmars et al. based
on bioethanol production in Europe, from three different feedstocks: wheat and sugar
beet grown in Europe and sugarcane imported from Brazil and Pakistan [89]. As ILUC
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factors are expressed in kgCOzeq/MJ of biofuels in both analysis, the data provided in
the studies was used to derive land ILUC factors in kgCOyeq per hectare cultivated for
bioenergy. These factors can then be used independently from biomass yield and project
time horizon. When average net displacement factors (ha displaced/ha of biofuels) and
emission factors (tCOzeq/ha) were provided [85], the land ILUC factor was obtained
by multiplying these two parameters. When the data provided was less straightforward
[89], the land ILUC factor was obtained by multiplying the ILUC factor by the time
horizon and bioenergy yield. Plevin et al. described two additional analyses on US
bioethanol from maize [I55] and corn [77] and these results were also included in the
ILUC coefficient data set to ensure the consistency of the statistical analysis. Figures
and [3:8| provides further details on the methodology and data used.

We acknowledge the high uncertainty around these emission factors. Bearing in mind
these caveats, we do not aim at quantifying the absolute impact of direct and indirect
land use change, but we are rather interested in the potential impact on CO;, removal
breakeven time, when high indirect land use change values are considered.

Cropland Marginal cropland
Managed Land ;P9 Unmanaged Land- Forest

Wetland/Peatland
~ Managed or |
/_\E\ unmanaged i
| land i

) | Activity ' ILUC =0

Biomass ! displaced ? '

Managed area
(grazing, crop) ~ Activity displacement

direct and indirect
emissions
ILUC =96 — 270 teoy/ha

Biomass

. . Land clearing direct and
La”‘? clt.aarlng d!regt indirect emissions
and indirect emissions LUC = 0 - 3452 too,/ha

LUC = 38 — 200 toy/ha

Figure 3.7: Methodology of direct and indirect land use change effects accounting. Upon
considering indirect land use change, clearing a managed land could be as bad as clearing a
more dense unmanaged land such as a forest. Indirect land use changes wide uncertainty range
in turn impacts the uncertainty of the model.

N>O emissions evaluation Nitrogen fertilizer application (in kg/(ha.yr)) is consid-
ered to cause N, O-N direct formation, NoO-N formation from NH3-N and NO,-N vola-
tization, and N;O-N formation from N leaching or runoff. The following expression
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Figure 3.8: Methodology for the derivation of ILUC conversion factors in kgCOseq/ha. Values
derived from Plevin et al. [85], Searchinger et al. [77], and Hertel et al. [155] were obtained
for bioethanol production in the US, whereas the results from Overmars et al. are the lower
and upper bounds obtained for bioethanol production in Europe, considering three different
feedstocks: wheat and sugar beet grown in Europe and sugarcane imported from Brazil and
Pakistan.

evaluates nitrogen-based fertilizer application contribution to biomass carbon footprint:

EFN,0 = EFN + EFNH;-N-NO, N X EFNyolatilized T EFNjleaching X LP (3.76)

GWPNZO X CNZOfN X EFNZO- Zla)il RN(ST’,b,tZ)

/ —
CEnpo(sr,st',b,t) = Pellet(sr,sr’,b,t)

(3.77)
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where Ry (sr,b,a) nitrogen application rate in kg/ha, Cn,0—n molecular conversion fac-
tor, EFy emission factor in kN,O-N/kgN applied, EFnp,—N—NO,—N emission factor in
kgNH3-N-NO,-N/kgN applied, EFy yolatilized Volatization factor in kgN2O-N/kgNH3-N-
NOs-N, EFN jeaching leaching factor in kgN2O-N/kgN leaching, and LP leaching propor-
tion in kgN leaching/ kgN applied.

BECCS plant CO; emissions

The carbon intensity of the BECCS plant, CIp(b), is a function of the capture rate,
Rccs, the biomass co-firing rate, Cy, and the biomass carbon content, Cpio(D):

_ Frua(b) x ((1 = Recs) X Crua (b) — Cr X Gpig (b)) X Cesco,

CIp(b) NPO

x 10% (3.78)

We can also calculate the BECCS plant annual total, ECO2y,, captured and stored,
SCO2y,(sr,st',bt,a), biogenic, EBioCO2y,, and fossil, ECoalCO2;,, CO, emissions:

EBioCO2y,(sr,s7',b,t,a) = Pellet(sr,sr’,b,t,a) x Chio(b) x Cc_scon (3.79)

ECoalCO2y,(sr,s7',b,t,a) = Pelletyp(sr,sr',b,t,a) x (le —1) X Ceont X Ccsco2
(3.80)

ECO2y,(sr,st' ,b,t,a) = EBioCO2y,(sr,st’ ,bt,a) + ECoal CO2,(sr,s7',b,t,a)
(3.81)

SCO2y,,(sr,87" ,b,t,a) = Recs X ECO2y,(sr,st',b,t,a) (3.82)

The carbon footprint associated to coal use, CF.oq(s7,s7,b,t,a), including direct and
indirect emissions, is the following:

CFeoa1 (s7,57,b,t,a) = (1 — Rccs) x ECoalCO2y,(sr,s7',b,t,a) (3.83)
1
+Pelletya (sr,s7',b,t,a) x (C—f —1) Xx HHV,; X EF.oq (3.84)

A 6% CO, leakage from CO, T&S, EFcoor, is also considered in the carbon footprint
model to account for compression and injection energy use and its subsequent emissions
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[56]:

CFcoar(sr,sr',bt,a) = SCO2y,(sr,st’ ,b,t,a) x EFcoar (3.85)

BECCS annual,CF,, and total carbon footprint over BECCS project lifetime, tCF(set2’ time),
including coal and CO; transport carbon footprints, are the following:

CFEya(set2,time) = CFsc q(set2,time) + CFcopr(sr,s7',b,t,a) + CFoon (st,s7',b,t,a)

(3.86)

CFy,(set2 time)

tPellet(sr,sr,b,t) (3.87)

tCF(set2' time) = ) PL
a=1

BECCS carbon balance

To measure BECCS performance in terms of CO; removal, three metrics are calculated:
total CO, removal over the project lifetime, tRCO2, BECCS CO; breakeven time,
BETcop, and BECCS CO; efficiency, trcop,. BECCS annual, RCO2;,, cumulative,
CRCO2y,, and total, tRCO2 over the BECCS project lifetime, net CO, removal, are
calculated :

RCO2y,,(set2,a,time) = SCO2y,(sr,s1',b,t,a) — CF,(set2,a,time) (3.88)
a
CRCO2y,(set2,a,time) = Y RCO2y,(set2,a’ time) (3.89)
a’'=1

CRCO2y,(set2,PL,time)

tPellet(sr,sr,b,t,a) (3.90)

tRCO2(set2,a,time) =

BECCS CO, breakeven time is calculated as the number of years required for a BECCS
project to be net COy negative:

BETcop(setl) = {ZaHCRCOZhu(seQ,a,time) >0} (3.91)

BECCS CO, efficiency is calculated as the ratio of cumulative CO; removal to cumula-
tive CO» biologically sequestered, CBioCO2:
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CBioCO2(sr,b,a) = CYield(sr,b,a) x Cpio(b) x Cc_co, (3.92)
. CRCO2y,(set2,a,time)
2 = :
Ncoz(set2,a,time) CBioCO2(sr,ba) (3.93)
tncon(setl) = neop(set2,PL,time) (3.94)

From a BECCS facility perspective, the net carbon intensity of the plant, CI, as well as
the amount of CO; removed per hour, RCO2;,, can also be calculated:

_ tRCO2(set2,a,time)
CI(sr,blp) = FEGpp (7,57 b 1) (3.95)
RCO2y,(setl) = —Fpuer X (—Cruea(b) X Ccco, X (1= Recs) (3.96)

— C¢ x tCF(sr,bl,p) x (1 — MCpeer (s1,b))
+ Cf X Cbio(b) X CC—>C02 X (1 - Mcpellet<srrb))

3.2.6 BECCS cost model

Biomass feedstock cost model

The same methodology is applied for the calculation of BECCS cost, with the following

changes:

For each input 7, the embodied energy terms, EE; (or EE;(b) for seeds/rhizome/-
plantings), are replaced by a cost term, cost; (or cost;(b) for seeds/rhizome/-
plantings)

For each fuel j, the embodied energy terms, EEj(e), are replaced by a cost term,
costj. The energy methods set, e, is no longer used as no distinction are longer
made between energy carriers, primary energy and electrical energy equivalent for
cost calculation,

For each transport mode, m € {RT, ST }, and biomass transport format, f &
{pel, chip, bal }, fuel efficiencies, FE,, r are replaced by a cost term cost,, s

two additional cost terms are accounted for in the cost calculation, including 1)
the cost of land, and 2) the capital and labor costs of farming and pelleting
operations,

BECCS annual supply chain cost, costsc j,(set2’,time), is calculated as the sum-
mation of all cost terms up to the power plant,

BECCS total supply chain cost, tcostgc(set2’ time), is calculated as the summa-
tion of all cost terms up to the power plant, and divided by the total number
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of dry pellets delivered at the plants, tPellet(sr,st',b,t), over the BECCS project
lifetime, PL,

Land cost Annual land rents in $/ha/yr, cost,,q4(sr,l) were collected for cropland,
grassland and forests in different regions. The land rent for marginal land and for wheat
straw from wheat production was considered to be zero:

costiang na (51,0,1,a) = costjgng(st,l) for b # 'wheat’ and I # 'marginal’  (3.97)

Farming and pelleting machinery and labor costs For farming, the machinery
capital cost term in $/ha, CAP,;4c, the number of labor hours in hrs/ha, Laby,, and
the cost of labor in agriculture in $/hrs, cost;,;, are added to the equation:

cost arm na (57,0,8,time) = (FRpandprep(b)-1ndpandprep (s7,0,a) 4 FRpyapo (b)
ERiprig

LH Ve (time)

+ Dfarm X Yieldwp(sr,b,a) x costgr, s (time)

+ CAPyach(s1,b) + Labfay, (sr,b) X costiay(sr)

X Indya.,(sr,b) + X INyear(s1,b)) X costfyer (time)

(3.98)

Pelleting capital and labor costs For pelleting, the total plant capital cost in $/twu,
CAPpep (or the dryer cost, in $/twp, CAPp, if sr = sr'), and the pelleting plant
operation and maintenance cost including of regional labor costs, OMp,p, are considered
in addition to the energy cost:

CAPpep(sr) X Bioproc,srwm(sr,b,a) if sr # sr’

costcappep ha(st,s7,b,a) =
PR CAPp(sr) X Biopree,srwm(st,b,a) if sr = st’

(3.99)

costompepua(s7,57",b,a) = OMpep(sr) X Bioyroc,srwm (sr,b,a) if sr # sr’

(3.100)
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BECCS plant cost and revenues model

The levelised capital and operating costs of BECCS plant in $/MWh are calculated
knowing the regional CAPEX, CAPpp, O&M, OMpp, load factor, Loadf, net power
output, NPO and capital recovery factor, CRFpp, of a BECCS plant, itself calculated
based on the interest rate, IRpp and the plant lifetime, LTpp:

IRjys % (IRinf + 1)LTW
(IRjpy + 1)o7 —1
CAPpp(st’ time) x CRFpp + OMpp(sr’)
NPO(sr,b) x 8760 x Loadf

CRF,f = (3.101)

costpp pwn (s1,s7" b time) = (3.102)

The annual, costpp j,, cumulative, Ccostpp p, and total, tcostpp of a BECCS plant are
then calculated based on annual electricity generation, EGpp:

costpp g (1,87’ b, t,atime) = costpp pwy (sr,sr',b,time) x EGpp(sr,st’,b,t,a)

(3.103)
a
Ccostpp pa(sr,st',b,t,a,time) = Y costpp,(sr,s1' b t,a time)) (3.104)
a'=1
, Y.L, costpp pa(st,st,b,t,a time)
tcostpp(sr,st’ bt time) = == . 3.105
pp( ) tPellet(sr,sr’,b,t) ( )
The revenues stream from selling electricity can also be calculated:

revpp(setl) = tEGpp(sr,st’,b,t) X costeec(st) (3.106)

CO; transport and storage cost

The annual, costcoprsne, and total, tcostcoprs, CO; transport and storage costs are
calculated using levelised CO; transport, costcoor,scoz, and storage, OPcoos, per ton
of CO; captured and stored:

costcoars a (57,51 ,b,t,a) = (costcoor,scoa(st’) + OPcons(sr'))
x SCO2,(sr,sr',b,t,a) (3.107)
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Y-Sk costcoors na (57,57 b,tal time)
tcost sr,sr' bt) = =2 : 3.108
coars| ) tPellet(sr,sr',b,t) ( )

BECCS total cost and cost balance

BECCS annual, costy,, and total, tcost, are calculated summing up the biomass feed-
stock costs, power plant costs and CO; transport and storage costs:

costp,(set2,atime) = costsc g, (set2,a,time) + costpp(sr,sr’,b,t,a,time)
+ costcoors(sr,s7’,b,t,a) (3.109)

Ccosty,(set2,PL,time)
tPellet(sr,sr',b,t,a)

tcost(setl) = (3.110)

BECCS annual,CBjy,, and total, tCB, cost balance, accounting for the plant revenues,
are calculated:

CBy.(setl,a,time) = costy,(setl,a,time) — revpp(sr,sr’,b,t) (3.111)
PL :
. —1 CBy,(setl,a time)
tCB(setl,atime) = ==L 3.112
(setl,a time) tPellet(sr,sr',b,t) ( )

Finally, assuming that the BECCS plant perceives a direct revenue for the service of CO,
removal, in the form, for example, of a negative emissions credit (NEC), the breakeven
credit required for the BECCS cost balance to equate zero, BEnEc, can be quantified:

tcost(setl) — (C0L, EGpp(s7,57,b,t)) X cOStopec(s7")

BEngc(setl) = tRCO2(set1)

(3.113)

Other relevant cost metrics calculated are BECCS total cost (including feedstock and
CO; transport and storage costs) per MWh of electricity generated, tcostpy, CO2
captured and stored, tcostscop, and CO, removed, tcostcor:
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. tcost(set2,a,time
tcost pwn (set2time) = —5r ( ) (3.114)
Y..—1 EGpp(sr,sr',b,t,a)
. t 12,a,ti
tcostscon (set2,a,time) = PLCOS ha (Set2,a,time) (3.115)
Y21 SCO2y,(sr,s1",b,t,a)
, t - (set2,a,ti
tcostcop(set2,a,time) = Costya(set2,a,time) (3.116)

Zf;il SCO2y,(sr,sr',bt,a)

3.2.7 BECCS land balance

BECCS total land footprint is obtained by summing the biomass land footprint, LFsc,
with the power plant land footprint, LFpp, based on the area of a 500 MW BECCS
plant, areapp, its lifetime, load factor and fuel flowrate:

1
LF ! = 11
sc(srsr bit) tPellet(sr,st’,b,t) (3:117)
aredapp
LF b) = 11
pr(srb) = 7o F X 8760 x PL X Fyyer(s7,b) (3.118)
LF(sr,s7',b,t) = LFsc(sr,s7',b,t) + LFpp(sr,b) (3.119)

3.2.8 Key outputs for the optimisation framework

In order to solve the optimisation model, some key outputs of the value chain mod-
elling framework are calculated per ton of CO, removed from the atmosphere, for each
configuration (set2’,time):

s Unitcop is the number of 500 MW units per ton of CO, removed.

= SCO2c03 is the amount of CO, captured and stored, in tCO,/tCO, removed.

= WUco; is the total amount of water (blue, green and grey), in m3/tCO, removed.
In the case of biomass residues such as wheat straw, the blue water associated with
straw production is allocated to the production of wheat, and therefore considered
to be zero.

= MWUCco; is the marginal amount of water (blue and grey), in m3/tCO, removed.

» LUsccor is the amount of land harvested for biomass at the field level, in
ha/tCO;. In the case of biomass residues such as wheat straw, the land footprint
associated with straw production is allocated to the production of wheat, and
therefore considered to be zero for straw.

= LUpp,coy is the amount of land used by BECCS facilities, in ha/tCO; removed.
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= EBco» is the amount of net electricity produced, accounting for the energy cost
of BECCS value chain, in GJ/tCO;, removed.

= costcop is BECCS total cost, in $/tCO; removed.

= CBcpy is BECCS total cost balance, including revenues from electricity generation,
in $/tCO; removed.

= PUcoy is the amount of pellet used, in t/tCO; removed.

= BlUcop is the amount of raw biomass used, in t/tCO; removed.

= BioC(b) is the biomass carbon content in %pum.

= fRCO?2 is the cumulative net amount of CO; removed by a BECCS configuration,
over its lifetime, per ton of biomass, in tCO,/t. This metric is used to constrain
the solution space to the carbon negative configurations.

These metrics are calculated with the following formule:

. 1
Unitcon(setl) = Remp 5ot} x Loadf x 8760 (3.120)

Y Pl SCO2,(set2,a,time)

SCO2cpy(setl) = FRCO2(setl) (3.121)
WUcoo (setl) = W (3.122)
MWUco(setl) = Ai;vgészr(:tf)t) (3.123)
LUsc cox(setl) = W (3.124)
LUpp coa(setl) = lm (3.125)
LUcpy(setl) = LUsc,con(setl) + LUpp coa(setl) (3.126)
tEBcoa(setl) = m (3.127)
tcostcop(setl) = m (3.128)
tCBcoa(setl) = m (3.129)
PUcop(setl) = H{CO;(%H) (3.130)
BUcop(setl) = Hield(srb) (3.131)

tPellet(sr,sr',b,t) x tRCO2(set1)
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3.3 BECCS deployment optimisation framework

3.3.1 Overview

BECCS supply chain optimisation framework

Inputs

Constraints

.

Regional land availability by land type area(st,l) for energy
crop production

Regional wheat harvested area WH(sr)

BECCS plant capacity build rate BR

CO, storage capacity cap(sr)

Country level CO, removal target CO2target(c,time)

Outputs from supply chain modelling

For

each supply chain configuration (sr,sr’,b,l,p,p’t,time)
Biomass use per tCO, removed
Total land use.
Farm land use.
Marginal water use.
Net electricity balance.
Total cost.

Total cost balance (incl. revenues)
Number of 500MW BECCS plants.
Total CO, stored........c.coveevuurerecsuannceas

cost,

Decision variable

in order to

¢ - total cost b

subject to:

opt — Zsr,sr’,b,l,p,p’,t,time

alance tCB

* CO, storage: SCO2,, (ST, time) < cap(sr’) — Jr030
* Build rate constraint on new built plants: NPlGreg’apt(sr" time) X 0.5 <BR x 10
* Country-level CO, removal target:

Zsr,sr’ec,b,l,p,p’,t,time RCOZom(ST, ST’, )= Zc,time(COZtarget(c: time) +A. slacktarget(c, time))

sr,sr!,bLp,p’ t,time

opt — Zsr,sr’,b,l,p,p’,t,time

LUco, (s7,57,...). RCO2,p (ST, ST, ...)
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NP1Greg ,,:(sr',time) = NPreg (s, time) — (NP, o (57", time — 10) — NP3G ., o (s7’, time — 10))

 Alarge number and slacktarget(c time) slack variable for feasibility purposes '

Figure 3.9: Overview of the BECCS deployment optimisation framework. Inputs per ton of CO,
removed are pre-calculated by the supply chain model framework.

We assume perfect foresight in planning BECCS deployment between 2030 and 2100,
i.e. all decades are solved simultaneously.

3.3.2 Objective functions

The purpose of this work is to determine the optimal BECCS value chain required to
meet a regional and evolving CO; removal target, CO2target, by allocating the amount

of CO; removed annually per configuration, RCO2,;, while minimising or maximising
different objective functions [f1, f2, f3, fa, f5, fel:
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= Minimisation of the total marginal water use, tMWUopt, over the entire time
horizon, time:

fi = tMWUopr = Y MWUcoa(setl) x RCO2,pt(setl) (3.132)

setl

= Minimisation of total land use, tLU,¢, over the entire time horizon, time:

tLUopt = Y LUcon(setl) + x RCO2,pi(set1) (3.133)

setl

Similarly to fresh water use, the cultivated land associated with the production of
wheat straw is allocated to wheat production. Wheat straw land footprint at the
field level is therefore not accounted for in the summation.

» Maximisation of the total CO; efficiency t77co2,0pt, Over the entire time horizon,
time, i.e., the ratio of the amount of CO; permanently removed tRCO, oy to the
amount of CO; stored in the biomass, tBioCO2,,;. The latter is directly related
to the amount of biomass used:

f3 = tBioCO2ps = Y BUcoo(setl) x BioC(b) x Cc—co,
setl

X RCO2,p(setl) (3.134)

ERCO2pr = Y RCO24pt(set1) (3.135)
setl
_ 1
COZopt = Bi0CO2epn (3.136)

As the total amount of CO, removed is fixed, maximising tnCO2p; is equivalent
to minimising tBioCO2p:. As tijcoz is an nonlinear variable, tBioCO2,; is
thus minimised to ensure the linearity of the model. It is also worth noting
that, minimising the total amount of CO; stored in the biomass is equivalent to
minimising the total amount of biomass used.

= Maximisation of the net electricity produced, tEB,y;, by the BECCS value chain,
over the entire time horizon, time:
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f4 = tEBopt = Z tEBcoz(Setl) X RCOZopt(Setl) (3.137)
setl

= Minimisation of the total cost, tcost,y;, of the BECCS value chain, over the entire
time horizon, time:

f5 = tcostopr = Y _ tcostcop(setl) x RCO2,pt(setl) (3.138)

setl

= Minimisation of the total cost balance, tCB,y;, including revenues from electricity
generation, of the BECCS value chain, over the entire time horizon, time:

fo = tCBop = Y tCBcon(setl) x RCO2gpt(set1) (3.139)

setl

The preference-based procedure of using a weighted sum of the different objectives
as a unique objective function was not used here for two reasons. First, the inherent
diversity of the different objectives — land use, water use, CO, efficiency and net energy
produced — make them complex to convert into one single objective. Secondly we
estimated that preference of one objective over the others will be highly region specific,
and choosing these factors arbitrarily could therefore give irrelevant results as to BECCS
optimal value chain. Therefore, in the first instance, we chose to treat each of these
objectives separately, and leave the multi-criteria, multi-stakeholder problem for future
work. Thus, we have formulated six distinct scenarios which allow us to perform a series
of thought experiments across the BECCS value chain.

3.3.3 Constraints

These six optimisation scenarios are subject to the following constraints.

CO; removal target constraint

First, the total amount of CO; removed must be equal to the set CO; removal target:

tRCO20pt = Y (CO2Target(c,time) + slacktarget(c,time)) (3.140)

c,time
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An equality constraint was chosen over an inequality constraint in Equation 17, as an
inequality constraint would lead to BECCS being deployed over the CO; removal target
in the energy maximisation scenario. slacktarget is the slack variable added to ensure
that the model solves in all scenarios.

CO; negativity constraints

In order to avoid the model choosing carbon positive configurations (configurations
which never reach carbon negativity) in combination with very carbon negative con-
figurations, while still meeting the CO, removal target, the configurations considered
must be carbon negative within a relevant time-frame, i.e., the tRCO2 calculated in
the modelling module must be positive:

tRCO2(setl) > 0 (3.141)

This constrains the initial choice set of configurations.

As a further constraint, the amount of net CO; removed annually by the configura-
tion, tRCO2,p¢, which is the decision variable of the optimisation framework, must be
positive:

tRCO2,p¢(setl) =0 (3.142)

Energy positivity constraint

In the first instance, we also constrained the configurations to be selected by the opti-
misation model to be energy positive:

tEB(setl) > 50 (3.143)

As electricity production is not the primary service delivered by BECCS, this constraint
may be relaxed if the optimisation problem cannot solve.

Land availability constraint

The amount of land harvested in each region for dedicated energy crops is limited by
the land availability LA(s7,l) of land type [ in sub-region sr:
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Y LUsccoa(setl) x RCO2opt(setl) < LA(sr,l) (3.144)
b#Wheat,p

Wheat harvested area constraint

Though no land footprint is attributed to wheat straw production, the amount of har-
vested land for wheat is each region is limited the wheat area availability WA(sr) in
sub-region sr:

ZLUSC,COZ(sr,sr/,wheat,cropland,p,p/,t,time) X RCO2pt(setl) < WA(sr)
p
(3.145)

CO; storage capacity constraint

Decadal regional storage RegSCO2(sr’,time) is limited by regional CO, storage capacity
cap(sr’) and cumulative CO; stored in previous decades CRegSCO2(st’, time):

SCO2opt reg (st time) = Y SCO2cpp(setl) x RCO2op(setl) (3.146)
sr,bLp,p t

CSCOZopt’rgg (Sr/,timE) - CSCOzopt,ygg(sr/,time - 1)
+ 10 x SCO2pt reg (7' time —1)  (3.147)

SCO2c0n(setl) x RCO2pt(setl) < cap(sr') — CSCO2pt reg (st time)
sr,b,Lp,p' t

(3.148)

Existing infrastructure constraint

Once a BECCS plant is built somewhere, we assume it has to be operated throughout
it whole lifetime (no stranded assets). Sufficient CO, storage therefore needs to be
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available for the lifetime operation of these installed plants. The total number of BECCS
plants per region at any given decade is NPypt req (7', time):

NPopt,reg(sr’,time) = Z Unitcop(setl) x RCO2p(setl) (3.149)
sr,b,Lp,p't

The age of the BECCS fleet is tracked by three variables: the number of first generation

plants (10 years or younger) NP1Gyp req (s7',time), second generation plants (between

10 and 20 years) NP2Gop; req (s’ ,time) and third generations plants (20 years and older)
NP3Gypt reg(st’ ,time). The third generation plants are retired after 30 years:

NP].Gopt,yeg(Sr/,time) — Npopt’reg(sr/,time) - (Npopt’reg(sr,,time - 1)
+ NP3Gopt reg (st time — 1)) (3.150)

NP2Gpt reg (51’ time) = NP1Gop req (s7' time — 1) (3.151)
NP3Gopt reg (st time) = NP2Gopt req (s7' time — 1) (3.152)

The number of new-built plants need to be positive or equal to zero:

NP1Gopt reg(sr' time)gesqland0 (3.153)

Plant built rate constraint

A 1 GW/yr build rate capacity constraint, BR, is imposed on new-built (1G) 500 MW
BECCS plants in each sub-region sr:

NP1Gopt,reg (7' time) x 0.5 < BR x 10 (3.154)

This is equivalent to having two 500 MW BECCS plants being built every year in each
country (in Europe) or province/state (USA, India, China and Brazil), which is ambitious
relative to historical build rates of renewable technologies [156].
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To avoid changing a linear problem into a mixed-integer linear programming, the num-
bers of plants, NPGoptreq, NP1Gopt,reg, NP2Gopt,reg, NP3Gopt,req, Were implemented
as continuous variables instead of integer variables. This means that small scale BECCS
plants (e.g., < 100 MW) could be deployed as an outcome of the optimisation program,
even though all BECCS plants are assumed to have the same power generation efficiency
and levelised capital and operating costs per ton of CO;, captured. Considering the un-
certainty around the power generation efficiency and costs of large scale BECCS power
plants, in the absence of existing demonstration projects, model tractability and low
computation time (maintaining MONET as a LP) was chosen over the deployment of
same-size BECCS plants.

3.3.4 Pareto-front analysis

The e-Constraint method was used to quantitatively evaluate the trade-offs between the
four objective functions. For each combination of objective functions, f; and fi, the
following optimisation problem was solved:

min  f; (3.155)
st fe <€l Vk#] (3.156)

with € the upper bound vector [si, s%,...,sgf] linearly distributed between the lower and

upper bounds of fx, m being the number of points chosen for the purpose of this
analysis.

3.3.5 Integrating alternative CO, removal methods in MONET

Owing to the separation, within MONET, of the modelling and optimisation framework,
it is possible to include additional CO, removal methods in the optimisation framework,
as long as their KPIs (e.g., their cost, land use or water use per ton of CO;, removed)
are known. The KPIs of each CDR method, CDR, could be calculated as a function
of a set of options, set(CDR) in a separate modelling module. The optimisation mod-
ule would then have for objective to calculate the amount of CO, removed by each
method, CDR, under each configuration, set(CDR), in each decade, time, in order to
minimise a set of objective functions, subject to global (e.g., land availability, regional
CO;, removal target) and CDR method-specific (e.g., biomass availability for BECCS,
renewable electricity availability for DACCS) constraints.
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3.4 Data collection and curation

3.4.1 Type of data

As is evident from the foregoing description, this model requires a significant amount
of input data. Thus, a key activity was the collection and statistical analysis of these
data. The model input parameters are of several types:

= Energy data: all indirect energy data — chemicals, seeds and fuels embodied energy
— and direct energy data — fuel LHV, energy for irrigation, transport fuel efficiency
and drying systems characteristics.

= Carbon data: all indirect emission data — chemicals, seed and fuels carbon foot-
print — and direct emissions data — fuel and transport emission factors, N,O model
emission factors, gas global warming potential and land conversion factors.

= Crop data: the physical properties of each biomass type — composition, Cp, HHV
— as well as farming data — yields over lifetime and in different regions, mois-
ture content, lifetime and harvest rotation cycle, crop coefficients and calendar,
chemical input rates, in-field operations fuel efficiencies and processing energy
requirements.

= Climate data: precipitations, altitude, longitude, sunshine hours, wind speed,
average low and high temperature and relative humidity for each region.

= Land type for direct and indirect land use change evaluation.

= Cost data: includes the unit cost of inputs, electricity and fuels, the capital and
operating costs of infrastructure (pelleting plant, BECCS plant, CO, transport
and storage), transport costs, labour costs and land rents.

Some input parameters have a great impact on all aspects of the supply chain. Yield
for example is a key parameter. As all supply chain inputs during the growth stage are
in a per hectare basis (land use effects, chemicals input, in-field operations), biomass
productivity (or yield) in dry tons per hectare will directly impact the extent of these
contributions per dry ton or GJ of biomass delivered at the power plant. Another ex-
ample is biomass moisture content. It directly impacts drying energy requirement, but
also all of the processing and transport stages whose energy requirements depend on
the incoming wet biomass mass flow, and are finally converted in MJ/dry ton.

The values for these parameters are reported over a wide range in the literature. Mis-
canthus in Europe for example has been widely investigated, and productivity as low
as 4 tpy/ha [157] and as high as 60 tpyi/ha [158] have been reported. To capture
this uncertainty in the model, a database gathering the 150 input parameters, and their
value according to different sources, was developed. 50 input parameters were selected
on the basis of their impact on the model, number of sources and scatter. Normalized
data series length and scatter of these parameters are presented in figure [3.10]
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As can be observed in Figure[3.10} it is important to acknowledge the level of variability
in some of the input data, for example, the embodied energy and carbon footprint of
chemicals, land conversion emission factors, yield values. This uncertainty associated
with key input parameters can clearly lead to a wide range of model outcomes. In
order to evaluate the uncertainty in these outcomes, the model was evaluated with the
lower bound and upper bound of the selected parameters. If the data series contained
more than five sources, and in order to avoid unlikely data (very extreme yield value for
example), the lower bounds and upper bounds chosen were the 95% confidence interval
bounds. To use the example of Miscanthus productivity in Europe, the range 15.6-22.1
was used instead of the 4-60 found in the literature. For parameters with less than five
sources, minimum and maximum values were taken as the uncertainty bounds. Tables
to in Appendix [B] gather the average value and range of uncertainty of each
input parameter of the model.

3.4.2 Data source
Climate data

The location and data of climate stations were obtained from the software CLIMWAT
[127], and were attributed to each sub-region. Figure provides the location of these
stations. Climate data recorded by the weather stations, such as monthly precipita-
tion, average low and high temperature, relative humidity, sunshine hours, wind speed,
monthly precipitation, as well as the location and altitude of the stations, were then
read in the software CROPWAT [159].

Yield data

Yield data for different regions of the world were collected for each dedicated energy
crop from the literature. When available, yield datasets with high regional discretisation
were used [119] [160]. When the yield data of a sub-region sr was unknown, the yield
of the sub-region with the closest climate conditions, according to the Koppen Climate
Classification [I161] was used. Wheat grain yield was obtained at the country level from
the FAO [78]. Low, median and high yields of each biomass type are provided in Tables
[B.11} [B.12] and [B.13]in Appendix [B] In this analysis, biomass yield and land type were
considered as independent variables. Considering the embedded range of uncertainties

in yield values considered for each biomass, with data obtained on both suitable land
crops [162] and marginal lands [163], it was considered that this range already captured
yield potential variability with land type. As no data was found on willow growth in
regions other than North America and Europe, the study of willow was limited to these
regions.
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Figure 3.10: This figure presents the length and scatter of biomass(top) and GHG and energy
(bottom) normalised data series of the 50 parameters selected for the model uncertainty evalu-
ation. Biomass data include biomass carbon content, moisture content at harvest, and fertilizer
and chemicals application rate. GHG and energy data include fertilizers, chemicals and fuel EE
and CF, fuel LHV, transport fuel efficiency and emission factors, and LUC and ILUC conversion
factors for different land types. Each circle in a data series corresponds to a value collected from
the literature. Furnished series (Miscanthus yield) as opposed to scarce series (lime application
rate), as well as scattered series (P,Os5 application rate for Miscanthus), as opposed to unscat-
tered series (straw potassium content) can be observed through the number and disposition of
the circles relatively to the first and third quartiles. The variation coefficient is a last indication

of scatter, with values over 1.5 for uncertain data such as LUC for marginal cropland or lime
EE.
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Land cover

In order to determine the total cropland, grassland and forest area available in each
sub-region sr, the MODIS global land cover with a spatial resolution of 15 arc sec-
ond geographic was used [164]. Tables [B.14]|B.15| and [B.16] in Appendix [B] provide
the land cover per cell adapted from the MODIS database. Forest area was calculated

summing Evergreen/Deciduous Needleleaf/Broadleaf forests with the mixed forest cat-
egories. Grassland and cropland land cover were directly obtained from the land cover
categories. As the use of cropland, grassland or forest, does not represent the base case
of the analysis, but rather are exploratory scenarios where we consider the impact of
land use change induced by BECCS, no slope or elevation constraint was considered.

Marginal land area

In order to use a consistent dataset for all regions, the marginal land dataset from the
Cai et al. study was used in this work. As a conservative approach, and to be consistent
with other literature sources, the lower bound values (Scenario 1 or "marginal mixed
crop and vegetation land, part of abandoned land") from this study were considered
[114]. Similarly to land cover and wheat harvested area, the 30 arc second resolution
raster file was processed to obtain the marginal land area in each sub-region, sr. Data
is supplied in Tables [B.14[B.15] and [B.16] in Appendix [B] This marginal land dataset
was used for the case study in Chapter [0

Water stress

In the optimisation framework, no water availability constraint is considered. To ac-
count for potential water risk, the Overall Water Risk (OWR) factor developped by
the AQUEDUCT Water risk Atlas, hosted by the World Resource Institute, was used
to avoid bioenergy production in regions with high water stress [165]. The Overall
Water risk index is a regional measure of both physical (water quantity and quality)
and regulatory or reputational risks. The overall risk associated with the quantity of
water available is assessed through the evaluation of baseline water stress, water stress
variability (inter annual and seasonal), flood occurrence, drought severity, upstream
storage and groundwater stress, while the quality of water is measured by upstream
activity (e.g., is the water available coming from a waste water stream or a protected
land area). Regulatory risks are assessed through the density of media coverage on
water issues in a particular region, the population’s access to water, and the percentage
of amphibian species classified as threatened, which is proxy to measure the fragility of
a freshwater ecosystem. The overall water risk is computed by a weighted average of
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all of these risks factors, with different weights as the function of the industry (69.7%
for physical quantity, 9.1% for physical quality and 21.2% for regulatory risks across
all sectors) [165]. This method results in a regional index between 0 and 5 (from low
risk to extremely high risk). To avoid bioenergy production in regions with high water
stress, a geospatial analysis was performed with the ARCGIS software to quantify the
amount of set-aside land was available outside of high water stress regions (OWR>3,
i.e high to very high water risk). A 30 arc geographic resolution map of set-aside land
availability (Scenario 1 or "marginal mixed crop and vegetation land, part of abandoned
land" in Cai et al. [114]) was intersected with a sub-basin level map of overall water
risk [165], to determine the marginal land area per cell sr, outside of high water risk
zones. The water stress constraint was only considered for the case study presented in

Chapter [7]

Wheat harvested area

Wheat harvested area: in order to constrain the amount of wheat straw available per
region, the map of the world wheat harvested area with a spatial resolution of 5 minute
geographic, obtained from the SPAM model [166], was processed in ArcGIS [126] (Tables
[B.14]B.15] and [B.16] in Appendix [B]). It is worth noting that the harvested area per cell
can be greater than the cell size, in the case of multiple harvests per year.

Road tortuosity

The road distance was computed using euclidian distance, corrected by a tortuosity
factor. Approximate tortuosity factors were computed for each sub-region sr, by dividing
the road distance of the centroid to the nearest port, by the euclidian distance between
these two points. Computed tortuosity factors are provided in Tables [B.11] and

in Appendix [B]

Regionalisation of the cost data

All cost data was converted to 2018 US $ using dollars inflation rates and a euros to
US dollars conversion rate of 0.85, a GBP to US dollars conversion rate of 1.42, and
a INR (Indian Rupee) to US dollars of 0.014, a RMB (China Renminbi) to US dollars
rate of 0.14, and a BRL (Brazil Real) to US dollars conversion rate of 0.30. Depending
on the data availability, input data was added at the state level (US states, Chinese
provinces, India states, Brazil states) or the country level (Brazil, China, EU countries,
India, USA). When available, cost data was added at the state (e.g., fuel and chemicals)
were used. For some of the input parameters, when input data was only available for
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the US, Purchasing Power Factors (PPF) were used to determine regional costs rela-
tive to those in the US. The input data for the cost model, as well further details on

assumptions and sources, are gathered in Tables [B.4] [B.5 [B.6} [B.17] [B.18 and [B.19

Global and regional CO; removal targets

Global CO; removal targets were taken from IAMC 1.5°C scenario explorer database
[10], for IPCC 1.5°C representative scenarios P2, P3 and P4 [11] where negative emis-
sions technologies other than afforestation are deployed: P2 (or SSP1), an optimistic
scenario where BECCS deployment reaches 3.4 GtCO;/yr at the end of the century,
P3 (or SSP2), a middle-of-the-road scenario where BECCS deployment reaches 12.4
GtCO;/yr, and P4 (SSP5), a high energy demand fossil intensive scenarios, where
BECCS deployment reaches 22.5 GtCO;/yr. Deciding on a fair allocation of these
global targets at the regional level depends on many factors, including past emissions,
population, wealth, rate of emission reduction, etc. In this study, global targets were
allocated based on absolute historical GHG emissions. Annual historic GHG emissions
from 1850 to 2014 were collected for each country [167, 168]. Regional targets were
then determined using the following formula:

Cum.GHGemissions(c)
Yo in worta Cum.GHGemissions(c)

c in {Brazil, China, EU, India, USA} (3.157)

CO2Target(c,time) = GTarget(time)

To clarify, the regional target at a given year is exogenous, and does not change as
a function of how much mitigation/removal is done in prior years. Furthermore, it
was assumed that a regional CO, removal target is met where the CO; is physically
stored and monitored. Table summarises cumulative emissions per region and the
computed regional share of global targets. As MONET only represents a subset of
the world, annual CO, removal targets constraints considered in MONET are 58% —
the sum of all individual shares based on a historical GHG emissions burden sharing of
global targets — of the world annual CO; removal targets obtained from P2, P3 and P4
scenarios of the IPCC.

The CO;, removal target is implemented as a step function in MONET. For each target
scenario (P2 or P3), the values of the steps were adjusted so that the cumulative
removal in MONET was equal to the cumulative removal in the IPCC scenario. Figure
represents the IPCC (full line) and the MONET (dotted line) CO, removal profiles.
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Table 3.1: Regional cumulative GHG emissions and shares of global CO, removal targets in
MONET

Regions Cumulative GHG emis- CO; removal target (%
sions 1850-2014 (GtCO;)® global target)

Brazil 122 43

China 336 11.9

EU 462 16.4

India 157 5.5

USA 571 20.2

Total MONET regions 1,647 58.3

Total World 2,826 100

@Historic GHG emissions from [167] [168]
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Figure 3.11: P2 and P3 CO, removal scenarios as in the IPCC (full line) and implemented in
MONET (dotted line).

Based on these regional removal targets, it is possible to compute the algebraic difference
between cost optimal regional removal — how much removal is done in the cost-optimal
deployment — and regional removal targets. In this study, this is referred to as the CO,
removal surplus — when positive — or default — when negative, and is calculated with
the following formula:

COzRemoval Surplus / Deficit(c,time) = cRCO2,p¢(c,time) — CO2Target(c,time)
(3.158)
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where cRCO2,; is the optimal amount of CO, removal per region, and CO2Target
is the regional carbon dioxide removal target. When the regional surplus are non zero
sum, the global target is not met.

BECCS cost data

Regional base year BECCS plants operating (O&M) and capital (CAPEX) costs were
calculated from O&M costs and CAPEX of coal, coal + CCS and biomass plants data
available in the International Energy Agency (IEA) 2018 World Energy outlook [169].
BECCS CAPEX was obtained by subtracting the CAPEX of a coal + CCS to that
of coal plant, and adding this delta to that of a biomass plant. The same method
was used to estimate BECCS operating cost. BECCS CAPEX reduction trends were
computed from optimistic and pessimistic CAPEX reductions of biomass, coal, and coal
CCS plants in 2020, 2040 and 2050, from the IEA World Energy Outlook [169]. To
adopt a conservative approach, we assume that the CAPEX of these technologies in
2030 is what is referred as 'today’'s’ CAPEX in the World Energy Outlook. The CAPEX
in 2040 is then to be considered that in '2020" in the outlook, in 2050 that of ‘2030’ and
in 2060 that of '2040". To further project the CAPEX of these technologies post-2060,
we assume that CAPEX reductions follow the same rate as in the decade 2050-2060.
BECCS CAPEX over time was then calculated from the CAPEX of the biomass, coal,
and coal + CCS plants. Figure represents the CAPEX trends in both pessimistic
and optimistic scenarios (shades), and the trend for the average CAPEX (lines), which
was obtained from averaging the pessimistic and optimistic scenarios.

CO, storage

A BAU scenario and a high scenario were considered for the implementation of regional
CO, storage capacity constraints in MONET:

» Brazil: To date, no national scale quantitative geological survey of Brazil. Only
reliable quantitative estimates for the Campos basin, a depleted oil field, off the
south-east coast of Brazil, which comprises 17 off-shore oil fields, with a total
capacity of 950 MtCO, [I70]. Based on geographic distribution, 16 of them
(887.9 MtCO,) were attributed to the the state of Rio de Janeiro, and one of
them (61.3 MtCO;) to the state of Espirito Santo, for modelling purposes. In the
high scenario, an approximate CO; storage capacity quantification was performed
using the methodology described in Wildenborg et al. [171], by multiplying each
state basin area adapted from the Brazil geological survey [172] (adapated in
ARCGIS) with a saline aquifer suitability probability of 50% and a CO, storage
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density (or storage factor) of 0.2 MtCO,/km?2. This new estimated CO, storage
capacity was added to that of the Campos oil fields basin used in the BAU scenario.

= China: Data for the BAU and high scenarios was taken from a national scale geo-
logical survey, summing up CO; storage capacity in sedimentary basins (adapted
from the US Geological survey [173]), in saline aquifers [117, [174] and in oil &
gas fields [174]. CO, storage assessments data are provided in Tables[B.21]
and B.23

= EU: Data for the BAU scenario was taken from the EU geocapacity geological
survey [175], to the exception of the UK which was taken from the ETI UK
COpstored database [176]. No alternative database was available for the optimistic
scenario.

= India: To date, no national scale quantitative geological survey of India. In the
high scenario, the same approach developed by Wildenborg et al. [171], and used
for Brazil, was applied to sedimentary basin area in Indian states [177].

= USA: Data from the average and high CO, storage capacity scenarios in the US
carbon storage ATLAS [178] were used for the BAU and high scenarios respec-
tively.

CO; transport and storage cost

The cost of CO; transport, costcoar,scoz2, was pre-calculated based on the capital and
operating costs of a CO, transport pipeline, CAPcoar, with a 3 MtCO,/yr capacity,
Capacoar, 100k length, Dcopr, a 20 years lifetime, LTcoor, and a 8% interest rate,
IRcooT [140]:

CAPcoor(st’) x CRFcopr % Dcoor
Capacoar(sr’)

costcoar,scoz(sr') = + OPcopr(sr’) (3.159)

A cost of 5$/tCO; was assumed in addition for CO, storage.

Cost of electricity

The cost of electricity in the industrial sector were used to calculate both the cost of
using electricity at various stages of the biomass supply chain, and the revenues from
generating electricity (as opposed to whole sale electricity prices, due their high volatility
and low predictability). Data from the MME was used for Brazil [179], from the CEIC
database for China [180], from the EUROSTAT database for the EU [181], from the
Government of India for India [182], and for the EIA for the US [183].
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3.5 Modelling and optimisation scenarios

3.5.1 Bioenergy availability: preventing land use change and water
stress

In order to investigate BECCS economic-environmental impacts, three impact scenarios
were considered in the optimisation framework:

= Impact | (or low impact): BECCS is only deployed via dedicated energy crops
(DEC) grown on marginal land (MAL). Under this scenario, BECCS deployment
does not cause land use change, and does not compete with other uses of agri-
cultural residues (AR).

= Impact Il (or average impact): BECCS is deployed via dedicated energy crops
grown on marginal land and agricultural residues from cropland. BECCS economic-
environmental impacts are limited to the use of agricultural residues.

= Impact Il (or high impact): BECCS is deployed via dedicated energy crops from all
land types, and agricultural residues from cropland. Under this scenario, BECCS
deployment might compete with other markets and cause substantial land use
change.

To evaluate the extent of land use change under each optimisation scenario, the variable
tLUC is calculated as the summation of all land types other than marginal land — i.e.,
cropland, grassland and forest — used for the production of dedicated energy crops:

tLUC(time) = ) LUsc,coa(setl, time) x RCO2,p;(set1,time)
sr,sr' ,b#wheat,|#MAL,p,p’ t
(3.160)

3.5.2 Supply chain assumptions

To capture the uncertainty and/or variability of some of the model input data, the
MONET framework can be run under different data scenarios:

= Median scenario: the average values of all parameters are used for the calculations,
= Low scenario or 'Optimistic’ scenario: values which minimise the water, land,
CO, and energy intensities of BECCS value chain are used to perform the calcu-
lations. Lower bound values of the land use change emissions, biomass moisture
content, carbon and energy intensities of chemicals and input products, fertiliser
and chemical input rates, processing energy requirements, electricity carbon foot-
print, average power generation of the electricity are used. However, upper bound
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values for biomass yield per region, biomass energy density and biomass carbon
content are used.

= High scenario or 'Pessimistic’ scenario: values which maximise the water, land,
CO; and energy intensities of BECCS value chain are used to perform the calcu-
lations. Upper bound values of the land use change emissions, biomass moisture
content, carbon and energy intensities of chemicals and input products, fertiliser
and chemical input rates, processing energy requirements, electricity carbon foot-
print, average power generation of the electricity are used. However, lower values
for biomass yield per region, energy density and carbon content are used.

To avoid including additional degrees of freedom to the model, no range of uncertainty
or variability was implemented for marginal land availability, harvested wheat area, land
cover, road tortuosity and climate data. Furthermore, owing to a lack of data describing
inter-region and region-specific cost variation, all results in Chapter [7] were obtained by
running MONET in a central cost scenario.

The following chapters [4], 5] [6] [7] use the MONET framework across different case
studies to provide insights into the regional drivers of BECCS cost and sustainability.



Chapter 4

Carbon balance and resource
efficiency of selected BECCS value
chains

4.1 Introduction

4.1.1 Objectives of the chapter

This chapter explores the water-land-carbon nexus of BECCS to answer the following
questions: 1) can BECCS deliver negative emissions? 2) in a relevant time frame, and
3) at a low resource cost. The purpose of this contribution is to present a spatially and
temporally explicit, whole-systems assessment of selected BECCS value chains, account-
ing for the cultivation, harvesting, processing, transport, and conversion of biomass and
the subsequent sequestration of the arising CO;. We evaluate each distinct BECCS
system on the basis of carbon, water, and land-use intensity, using the net removal of
CO; from the atmosphere as a determining key performance indicator. This chapter is
structured as follows. The remainder of this introduction gives an overview of existing
biomass supply chain and BECCS water footprint modelling in the literature. Section
quantifies and qualifies the carbon, land and water footprint of selected biomass
supply chains, and the resulting impact on the carbon, land, and water intensities of an
integrated BECCS system. Finally, section focuses on the dynamic accounting of
GHG emissions over the system lifetime, on its sensitivities, and concludes with some
perspectives on the implications for the potential of BECCS to result in the net removal
of CO, from the atmosphere. Temporally, MONET is run under today's energy sys-
tem. The impact of the decarbonisation of the energy sector is explored as alternative
scenarios in section 3.3l

104
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4.1.2 Bioenergy supply chain modelling in the literature

Before being combusted, biomass needs to be grown, harvested, processed (dried, den-
sified for transport, etc.) and transported to the power plant. This results in substantial
carbon costs, which will further decrease the CO, removal potential of a given BECCS
project, on a whole-systems basis. Many studies have adopted various carbon ac-
counting appoaches to determine biomass carbon footprint — direct and indirect CO,
emissions to produce a ton of biomass. Bioenergy production has extended its potential
feedstock from conventional cereal and oil crops, to cellulosic biomass, with both dedi-
cated production and agriculture residues collection such as wheat straw [132, [184-186].
Among dedicated energy crops, perennial grasses and short rotation coppice have been
extensively investigated. Both perennial grasses, miscanthus [119, 137, 157, 158, 187~
200] and switchgrass [21], 56), 66, 184, [188| [192] 193] 201-208, 208-213] have been
studied and compared at farming, processing or conversion level. Woody biomass
such as short rotation willow has also been widely investigated for temperate climates
[27] (150, 185, [193| 195, 214H219]. Studies based on transparent models with clearly
outlined system boundaries, such as the Farm Energy Analysis tool (FEAT, [193]), the
Biomass Emissions and Counterfactual (BEAC, [I50]) and the Greenhouse Gases, Reg-
ulated Emissions, and Energy Use in Transportation Model (GREET, [220]) do exist.
However, some studies only focus on a portion of the supply chain — adopting either a
farm gate [193] 195, 217] or a power plant gate [137, [184] 221] perspective — and only
a few include irrigation [199, [208] and drying [137, (184, 215]. Both processes could
represent significant contributions in the biomass supply energy cost, and were included
in this analysis. The extensive literature on the subject results in a high variability in
carbon footprints and embodied energy values for a wide range of biomass. A detailed
and transparent model of the entire BECCS value chain, including biomass conversion,
with clear boundaries and assumptions, is required for the reliable evaluation of BECCS.

4.1.3 BECCS water footprint in the literature

The shift towards sustainable use of water in farming relies heavily on region-specific
guidelines regarding crop irrigation need. One of the main methodologies is the blue,
green and grey water footprint model developed by Hoesktra et al. [222]. Based partly
on the crop evapotranspiration model developed by Allen et al. [141], this methodology
enables the quantification of the water requirements of a given crop, based on the climate
conditions (green water), ground and surface water local availability (blue water) and
pollution (grey water) [142]. This methodology has been used to reliably determine the
water footprint of a range of agricultural products [143][223], including cellulosic biomass
[224] and biofuels [225]. The water footprint of bioelectricity was also investigated [226],
but did not include the power plant water requirement. Further, several studies have
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focused on quantifying water use in the power generation sector [96] 220, 227]. Wu et
al. developed a modelling framework to evaluate the blue water footprint as a function
of cooling technologies, power plant type, and fuel, and included solid biomass as one
of its case studies. Biomass upstream water requirement was however assumed to be
met by rainfall, and biomass grey water footprint was not considered [220]. In order to
evaluate BECCS overall water cost, both evaluations — biomass production and power
generation water requirement — need to be integrated within the same framework.

4.2 The water-land-carbon nexus of BECCS

4.2.1 Case study

To capture the spatial dependence of BECCS value chain (e.g., biomass productivity,
climate, road and sea transport distance to the BECCS plant), we selected five regions
of the world, associated with distinct climates, for this study: sub-tropical south-west
Brazil (Sao-Paulo), continental temperate central China (Zhengzhou), temperate west-
ern Europe (Eindhoven), semi-arid northern India (Amritsar) and subtropical southern
USA (Orlando). Table presents the representative regions and specific cities used
for the purpose of this case study.

Table 4.1: Regions and climates selected in the model

Country/Region City Climate

Brazil Sao-Paulo subtropical summer rainfalls
China Zhengzhou subcontinental temperate
Europe (Netherlands) Eindhoven oceanic temperate

India Amritsar semi-arid

The USA Orlando (Florida) subtropical summer rainfalls

4.2.2 BECCS water intensity
Validation of the water footprint model

We first validate the biomass water footprint model against existing water footprint
evaluations in the literature. The evaluation of agriculture products water footprint
has been carried out in the literature [143], and with a growing interest in biomass
production, studies now also focus on modelling or measuring conventional and less-
conventional biomass crops water footprints [211] [224] [228]. Studies however can differ
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in input data (climate conditions, yield, fertilizer use, fertilizer leaching), boundaries
(crop theoretical requirement, green and blue water footprints, grey footprint), and
complexity of the model (water stress correction, soil water capacity and type). With
these differences in mind, Tablecompares model results within the literature. Overall
results were found to be consistent with the sample of values selected from the literature.

Table 4.2: Water footprint model comparison with literature results

Crop, region®¥"“¢  Boundaries Literature data Model
Miscanthus, CWR (m3/tpm) 334 175-248 (205)2
Netherlands [224]

Miscanthus, GnWF + BWF 330-495 (413) 289-373 (321)°
Florida [211] (m3/twm)

Switchgrass, Ok- CWR (mm/year) 521-786 (654) 414°-693¢
lahoma [228]

Willow [195] CWR (mm/year) 100-1790 (698) 628°-10344
Wheat [223] GnWF (m3/twm) 1277 728¢-17124
Wheat [223] BWF (m3/twwm) 342 255°-530¢
Wheat [223] GyWF (m3/twm) 207 62°-2624

@Model lower bound - upper bound (average) results for Europe, Netherlands.
bModel lower bound - upper bound (average) results for USA, Florida.
“Model average result for Europe, Netherlands.

dModel average result for USA, Florida.

The water use of the BECCS plant in MONET is derived from the IECM software [62].
Due to the lack of BECCS water footprint evaluation in the literature, we compare the
water use of a coal fired power plant with a wet cooling tower and no CCS (base case)
in IECM with the literature. Table presents both water withdrawal and consump-
tion values, and |[ECM results for this base case were found to be consistent with the
literature.

Table 4.3: Comparison of IECM water intensity calculations with literature for a pulverized coal
power plant with a wet cooling tower and no CCS

Source Water withdrawal ~ Water consumption
(m3/MWh) (m3/MWh)

IECM 2.4 1.5

Wu et al., 2011 [220] 1.7-45 1.5-3.9

IEAGHG, 2013 [229] 1.2-1.9
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Biomass water footprint

We begin with an evaluation of the blue and grey water footprint evaluation of each
crop grown in each region — or more accurately in each climate. Blue and grey water
footprints are presented in Figure [4.1] We consider wheat straw as a residues, thus
with a zero blue and green water footprint at the farm level. The water footprint of
wheat is represented here to compare the water footprint of energy crops with that of
conventional crops. Energy dedicated crops water requirements per hectare were found
to be higher on average than that of wheat: 830 mm/ha for miscanthus against 530
mm /ha for wheat. This is consistent with the BECCS water footprint analysis presented
by Smith et al., and can be explained in the difference in crop calendars and coefficients
[36]. However, as pointed out by Smith et al., this tendency changes when water
footprints are expressed on a mass basis, due to the higher yield of energy dedicated
crops as compared to that of conventional crops. Because of their low fertilizer input
(impacts the grey water footprint) and relatively high yield, herbaceous biomass like
miscanthus and switchgrass are thus found to be more sustainable water wise than
conventional crops.

Among energy dedicated crops, SRC willow water footprint was found to be slightly
higher than that of switchgrass and miscanthus, which is mainly due to willow lower
yield per hectare. However, the feasibility of irrigating and fertilizing SRC willow by
waste water has been investigated in Sweden [230, 231], which could considerably lower
both grey and blue water footprints.

Energy dedicated crops are also characterized by a wider uncertainty range, relative to
conventional crops. The difference lies in the greater uncertainty in input data (fertilizer
use and yield) for the latter crops, derived from local experiments or simulations, as
opposed to wheat data extracted from national or regional scales database on actual
fertilizer use [232] and yield [78]. Switchgrass crop coefficients for example were not
available in the literature, and, as suggested by Yimam et al., coefficients of Sudan
grasses [141], the closest species in terms of growth, were used [228].

Figure [4.1] shows the blue and grey water contributions in the growth of miscanthus,
switchgrass, wheat, willow. The results are presented on a m/tpy harvested crop basis.
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Figure 4.1: Blue and grey water footprints of four crops in different regions. Yield and nitro-
gen inputs are key contributors to the blue and grey water footprints which explains the poor
performance of wheat relatively to perennial grasses, and to smaller extent willow. Water foot-
prints are highly dependent on biomass type and regions, and all the more uncertain for energy
dedicated crops.

BECCS net water use

We then quantify the water intensity of a BECCS plant, first without accounting for
biomass water footprint, and represent the variation of the water intensity of a coal +
CCS system with biomass co-firing proportion and CCS capture rate (figure [4.2]).

It is observed in Figure [4.2) that co-firing and capture rate increases the water intensity,
as such a system is likely to be less efficient, hence to burn more fuel per MWh of power
generated, and therefore need more cooling water.

In a second instance, Figuredisplays the water intensity of the power plant (in grey),
and including the supply chain (in blue, yellow, red), within biomass water footprint
uncertainty range. Wheat straw water footprint was considered to be zero, since all
water withdrawal during biomass growth was allocated to wheat production.

It can be observed that the water footprint of the biomass supply chain far outweighs
that of the actual power plant. At 90% co-firing and 100% biomass firing, water intensity
can be up to 150 times higher when including biomass production water cost in the case
of willow. This highlights the importance of performing a whole-systems assessment of
any given BECCS option in order to ensure its sustainability, and of including water
footprint in this assessment. This does not undermine, however, the importance of



CHAPTER 4.
110

CARBON BALANCE AND RESOURCE EFFICIENCY OF SELECTED BECCS VALUE

o/MWh)

2

Water intensity (tH

»
&)

|~ 0%-= 10%- 20%~ 30%~ 40% = 50%- 60%~ 70%- 80%- 90%~ 100%

AT
WL
WAL

35 - - - - -

[e2]
o
[*2]
[$)]

Capture rate (%)

70 75 80 85 90

CHAINS

Figure 4.2: 500 MW supercritical coal-miscanthus pellets fired power plant water intensity as a
function of capture and for different co-firing proportions. In a first instance, water withdrawal
increases with capture rate, as steam is extracted from the steam cycle and used in the capture
unit. To a smaller extent, water use increases with co-firing as a decrease in the fuel HHV
increases the fuel flowrate required to generate the same amount of power.

reducing the cooling water intensity of power plants, which is already problematic, and

likely to worsen, in certain areas with low water availability [58].
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Figure 4.3: 500 MW supercritical coal - US miscanthus, switchgrass and willow pellets fired
power plant water intensity as a function of capture rate and co-firing proportion, with and
without supply chain. Biomass water footprint impact on the power plant water intensity is two
orders of magnitude greater than that of the power plant cooling requirement.
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4.2.3 BECCS carbon intensity
Validation of the carbon footprint model

The biomass carbon footprint model was first validated against existing evaluations from
the literature in Table [4.4] evaluating the model under the same conditions (transport
distance, region if possible, process included, etc.). Table[4.4]shows the great diversity in
the results found in the literature, with field-to-plant carbon footprints found between
90 and 600 kgco,/tpm. To compare the model with each study, we quantified the
carbon footprints obtained with the same supply chain structure used in the study (as
detailed in the footnotes). With an average relative error between the model mean
values and the literature results under 30%, and considering the results uncertainty
range, the model results were considered consistent with the literature.
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Table 4.4: Carbon footprint model comparison with literature results

Crop, region®°uree Units Results Model
Miscanthus, kgco,/tom 111.8 97-237 (152)
Germany [199]
Miscanthus, Ireland [137] kgco,/Gluny  20.6 9.8-20.9 (14.5)P
Switchgrass, US [208] kgco,/tom 191-204 92-274 (162)°
Switchgrass, US [201] kgco,/tom 144.7- 72-246 (139)4
146.7
Switchgrass, US [193] kgco,/tom 172 72-246 (139)¢
Switchgrass, US [139] kgco,/tom 195-198 95-284 (168)°
Willow, UK-US [150] kgco,/GJe 118-242 147-396 f
Willow, average [193] kgco,/tom 89 87-253 (153)4

Wood pellets, Australia and kgco,/tpm 143-594 166-603 (306)8
Russia [215]

Wheat straw, UK [218] kgco,/Gle 66 26-53 (38)"

@Model lower bound - upper bound (average) results for Europe, production (bale), 100k transport,
chopping and milling for combustion.

bModel lower bound - upper bound (average) results for Europe, production (bale) no irrigation,
100k transport, drying and pelleting.

“Model lower bound - upper bound (average) results for the US, production (bale or chopped).
dModel lower bound - upper bound (average) results for the US, production only no irrigation.

®Model lower bound - upper bound (average) results for US, production only no irrigation, 40k
transport.

fModel lower bound (av. grassland) - upper bound (av. forest) results for Europe, production,
LUC, no irrigation, processing, 25-75k transport.

EModel lower bound - upper bound (Europe-US) results, production, drying (50%), pelleting and
transport.

hModel lower bound - upper bound (average) results for Europe, collection (bale), 40k transport,
grinding.

Biomass carbon footprint without land use changes

We then evaluate the carbon footprint of selected BECCS configurations. Carbon foot-
prints of different feedstock from different regions are presented in figure [4.4]

The addition of NoO emissions, which have a large weight in the overall balance, un-
derlines the double effect of fertilizers, both from their energy and carbon intensive
production process, and from the subsequent emissions they cause after their applica-
tion to the field. Biomass processing also has a higher weight in the carbon balance
because of the relatively high electricity carbon intensity values chosen for this case
study — 470-800 kgCOy-eq/MWh [233] 234]. This input is highly dependent on the
power source and region, and could be significantly improved in the context of a de-
carbonised electricity system.. Drying for high moisture biomass such as willow still
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Figure 4.4: Carbon footprint of pellets from different regions without accounting for land use.
In addition to road transport and drying, chemical application also represents a large portion
of biomass carbon footprint, with a contribution from both chemical production and resulting
N, O emissions after application.

constitutes an important contribution. Aside from management practices like natural
open-field or storage drying, this cost could be reduced by substituting natural gas with
biomass in rotary dryers [215, [235]. These options are further investigated in section
4.5

Effect of direct and indirect land use changes This study provides an evaluation of
the potential impact direct and indirect land use change effects would have on the sys-
tem. Net displacement and emission factors were considered the same for all managed
land types (grassland or cropland), biomass types and regions. This is a first estimation
to give indications as to the potential impact of including land use change. Applying
this analysis to a certain case study in order to provide precise insight for a given region
would require the use of region specific coefficients.

In can be observed from Figure that direct and indirect land use changes have a
substantial impact on the supply chain. When adding indirect land use change both the
overall carbon footprint and uncertainty is up to three times higher than in the base
case. It is important to note that as conversion factors are expressed on a per hectare
basis, their impact is all the more important for lower yield biomass such as willow.
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Figure 4.5: Carbon footprint of pellets from different regions, including both direct and indirect
land use change effects (cropland). Other contributions are minor when compared to indirect
land use change effects, which increase biomass carbon footprint value and uncertainty range
by over 100%. Straw as a residue is not impacted by land use change, and is represented here
to emphasise the impact of land use changes.

4.2.4 BECCS net carbon intensity

Figure [4.6] shows the evolution of the carbon intensity of a BECCS plant, first without
considering the carbon footprint of the biomass feedstock.
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Figure 4.6: 500 MW supercritical coal-miscanthus pellets fired power plant carbon intensity as
a function of capture and for different co-firing proportions. Naturally, increasing capture rate
and biomass co-firing proportion both decrease the power plant carbon intensity.
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As illustrated in Figure[4.6] carbon intensity decreases as coal gets displaced by biomass
and carbon capture rate decreases. We then evaluate the impact of considering biomass
supply chain emissions in the power plant carbon intensity. BECCS net carbon intensities
as a function of biomass co-firing proportion and capture rate with and without land

use changes are presented in Figures[4.7] and
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Figure 4.7: 500 MW supercritical coal - US biomass pellets fired power plant carbon intensity
as a function of capture rate and co-firing proportion. Adding biomass supply chain emission
can offset the power plant carbon negativity, which increase the minimum co-firing and capture
rate values for the power plant to be carbon negative, hence decreasing its flexibility.
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Figure 4.8: 500 MW supercritical coal - US biomass pellets fired power plant carbon intensity
as a function of capture rate and co-firing proportion. The offset effect is exacerbated with
indirect land use changes: BECCS systems do not reach carbon negativity in the upper bound
scenarios.

As can be observed from Figures [4.7] and whilst the majority of scenarios result in
the net removal of CO, from the atmosphere, no two scenarios achieve an equivalent
amount of net CO; removal. Importantly, it can be observed that some scenarios, such
those relying upon willow in Figure [4.8] appear to be net carbon positive, resulting
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in the net emission of up to 1,200 kgco,/MWh. For comparison, an unabated coal-
fired power plant might emit between 700 and 1,000 kgco,/MWh. Thus, if the wrong
choices are made throughout the supply chain, BECCS could indeed be substantially
more carbon intense than an unabated coal-fired power plant. This is one of the core
results of this study. At 90% capture rate, a willow-based BECCS system s, in the
mean scenario, carbon negative within the 20%-100% co-firing range with no land use
changes, carbon negative within the 30%-100% co-firing range with LUC, and always
carbon positive with ILUC. In practical terms, this narrows the feasible range of a power
plant operability — capture rate and co-firing proportion — for the system to be carbon
negative, and ultimately decreases its flexibility. However, it is important to notice that
BECCS systems including ILUC can still be carbon negative in the average scenario,
within the 30%-100% co-firing range for a miscanthus-based system, and 40%-100%
for a switchgrass-based system, at 90% capture rate. Limiting indirect land use changes
effects as well as assuring high yield and low fuel, power and chemical input during
biomass production will be capital for BECCS overall balance to be negative.

4.2.5 BECCS net carbon efficiency

If BECCS were a perfect system, one ton of CO; captured biologically would equate one
ton of CO, sequestered geologically. However, this is not the case, and GHG direct and
indirect emissions throughout the BECCS value chain carbon, as well as biomass dry
mass loss, must be considered as this "carbon leakage" will decrease the net amount
of CO;, removed from the atmosphere. From this perspective, the notion of carbon
efficiency can be considered: how many tons of CO; must be sequestered biologically in
order to store 1 ton of CO, geologically? The carbon efficiencies of a switchgrass-based
system from a marginal land and a central grassland are represented by Figure [4.9]

At can be observed in Figure[4.9 BECCS carbon efficiency reduces from 62% (marginal
land) to 46% (grassland) when adding LUC and ILUC, with the latter accounting for over
26% of the carbon leakage. Upon adding land use changes, the facility is thus no longer
carbon negative. This emphasises the fact that though efforts throughout BECCS supply
chain must be made to reduce further carbon leakages (chemicals, transport, carbon
capture), a better understanding and control of land use changes will be necessary to
maximise BECCS carbon efficiency.

We have demonstrated the importance of including the biomass supply chain in the
evaluation of the thermo- and hydrodynamic efficiencies, and carbon intensity of the
overall system. Chemicals, road transport, drying and grinding were identified as im-
portant leakages in BECCS efficiencies, though negligible when compared to land use
change effects. In the next section, a dynamic accounting of the GHG emissions is
performed to evaluate BECCS efficiency at removing CO, from a time perspective.
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Figure 4.9: Carbon efficiency diagram of the carbon flux in a US switchgrass-based BECCS
system from the biological storage in the biomass to the geological storage, with (bottom) and
without (top) land use changes. In this case, accounting for land use change leads to a carbon
positive system. Even with decreasing the carbon leakages resulting from the use of chemicals
and biomass transport (about 11% of the losses), a substantial improvement to BECCS carbon
efficiency will only be possible by limiting direct and indirect land use changes.

4.3 BECCS dynamic GHG emissions profile

We define the number of years required for the power plant cumulative emissions to
reach zero as the biomass carbon breakeven time. To assess BECCS sustainability from

a plant lifetime perspective and evaluate BECCS carbon breakeven time, a dynamic
carbon balance was performed on the system.

4.3.1 Single dynamic balance

In this model, the land is cleared and the crop established at year 1, thus generating an
initial carbon debt. The crop is harvested every n years, and therefore further biomass



CHAPTER 4. CARBON BALANCE AND RESOURCE EFFICIENCY OF SELECTED BECCS VALUE
120 CHAINS

processing, transport and capture is accounted for until the end-of-life for that crop in
year 1+ N which is the crop end of life. As the land use change was considered to
be amortised over a 50 year period, the dynamic carbon balance was performed oer 50
years. Figure shows CO; cumulative emissions from a miscanthus fired BECCS
power plant, from land conversion (year 1) to the power plant end of life (year 50).
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Figure 4.10: Miscanthus-based BECCS cumulative emissions in tCOy/ha over 50 years for
different land types including LUC (left) and ILUC (right). The system breakeven time increases
from 1 to 26 years with direct land use changes. Miscanthus-based BECCS presents carbon
positive scenarios before year 50 within the increased uncertainty range. Upon adding indirect
land use changes, the system average breakeven time on a managed land increases by 7 years.

Miscanthus imported from Brazil breaks even after 3, 7 and 26 years, if grown on a
cropland, central grassland and forest, respectively. When grown on a Brazilian forest,
miscanthus is the only crop reaching carbon break even time before year 50. When
including indirect land use changes effects for cropland and grassland in Figure [4.10]
carbon breakeven time increases by seven years for cropland and grassland.
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4.3.2 Multiple dynamic balances

Rather than simply representing average, lower bound and upper bound scenarios, it is
important to evaluate the whole scope of BECCS outcomes. Four case studies were
selected for this analysis:

1. Case A : Miscanthus from Brazil on marginal land (no LUC and ILUC),
2. Case B : Miscanthus from Brazil on central grassland (LUC and ILUC),
3. Case C : Willow from Europe on marginal land (no LUC and ILUC),
4. Case D : Willow from Europe on central grassland (LUC and ILUC).

Figure [4.11] represents the 729 outcomes when evaluating the model with the low,
average and high values of biomass moisture content, carbon content, electricity carbon
footprint, LUC conversion factor and ILUC conversion factors in those four case studies.

We can note from this analysis the diversity of possible outcomes, associated with a
BECCS facility, as a function of the decisions made along the supply chain. In the case
of miscanthus, which showed the lowest carbon footprint in the steady-state analysis, all
scenarios are carbon negative over 50 years on a marginal land, with a carbon negative
potential ranging from 0.7 to 1.6 ktCO;/ha captured over 50 years. When including
land use effects, the number of scenarios leading to a capture potential greater that
0.5 kt/ha was reduced to 648 out of 729, but no scenario led to a dynamic carbon
positive balance. For the willow case study, which showed higher carbon footprints on
a steady-state basis, the dynamic carbon balance was always negative on a marginal
land, with a carbon capture potential ranging from 190 to 390 t/ha over 50 years. On a
grassland however, the number of carbon negative scenarios dropped to 223. In terms
of carbon breakeven time, without land use effects, the time required for BECCS to be
negative varied on average between 1 year for miscanthus, to 3 years for willow. This
became on average 15 times longer for miscanthus and willow when including land use
changes. These results are presented in Table [4.5]

Table 4.5: Case studies dynamic GHG balance results repartition

Outcomes Units A B C D
Positive scenarios 0 0 0 460
Negative scenarios 729 729 729 269
CO;, removed Mean t/ha  -1124 -805 -288 31
Min t/ha -1600 -1429 -392 -222
Max t/ha -718 -248 -186 285
Breakeven time Mean years 1 15 3 46
Min years 1 6 3 22

Max years 2 32 3 >50
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Figure 4.11: BECCS cumulative emissions in tCO;/ha over 50 years for case studies A-D.
Depending on the conditions, the system can be carbon positive (grey), slightly carbon negative
— cumulative capture over 50 year below 0.5 ktCO, (purple), and very carbon negative — capture
over 0.5 ktCO; (green). Upon including land use changes (moving from marginal land to
grassland), the spectrum of potential outcomes substantially increases.
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4.3.3 Sensitivity analysis and alternative scenarios

A sensitivity analysis was carried out in order to rank the parameters in terms of level
of impact on the GHG dynamic emissions profile. The model was run with the lower,
mean and upper values of 8 parameters: biomass carbon content, biomass moisture
content, chemicals rate and footprint, fuel emission factors and carbon footprint, elec-
tricity footprint, yield, LUC and ILUC conversion emission factors. Figure [4.12] presents
the dynamic emission profile of the 6,561 scenarios simulated for a miscanthus-based
BECCS facility, coloured differently depending on the corresponding parameter. For
each parameter, the profiles corresponding to the lower bound scenario are coloured in
blue (red for yield and carbon content), to the mean scenario in yellow, and to the upper
bound scenarios, in red (in blue for yield and carbon content).

As can be observed from both figures, ILUC is the primary determining factor, followed
by LUC, yield, electricity footprint, biomass carbon content and biomass moisture con-
tent. Compared to these parameters, fuel emission factor and carbon footprints as well
as chemicals rates and carbon footprints were found to have a limited impact on these
results.

It is evident that LUC and ILUC conversion factors should be carefully evaluated on a
case by case basis, but so should biomass yield, composition and electricity footprint. In
practice, a crop yield is a complex function of a range of parameters, including climate,
biomass properties, soil type, nutrient and water availability [236].

These results also indicate ways of improving BECCS sustainability. In order to eval-
uate the potential for improvements in BECCS, the following alternate scenarios were
investigated:

1. Organic chemicals (no carbon footprint),

2. Biodiesel for in-field activities (100%) and road transport (blend 20% with con-
ventional diesel B20),

3. Carbon neutral electricity,

4. Drying with biomass rather than natural gas.

Chemicals footprint and fuel emission factors ranges of uncertainty were relatively small
compared to other parameters, which could explain their limited impact observed in the
sensitivity analysis. For this reason, those parameters were included in the alternate
scenarios. Table summarises the ranges of impact on BECCS cumulative capture
potential over 50 years in tCO,/yr for each alternative scenario, as compared to the
base case.

Due to the uncertainty around biodiesel carbon footprint, and the proportion limit
to 20% in volume for biodiesel/diesel blend in road transport, bio-diesel impact was
limited and even positive in some cases. Similarly to biodiesel, drying with biomass
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Figure 4.12: Sensitivity of miscanthus based-BECCS dynamic emission profile towards eight
parameters (a: fuel footprint and efficiency, b: chemicals footprint and application, c: moisture
content, d: yield, e: electricity footprint, f: biomass carbon content, g: LUC, h: ILUC). Emission
profiles are coloured in red when the parameter is set to its upper bound (lower bound for yield
and carbon content), yellow when set to its mean value, and blue when set to its lower bound
(upper bound for yield and carbon content). Patterns indicate that ILUC is the determining
factor, followed by LUC, yield, electricity carbon footprint and carbon content.

was found to have both a positive and negative impact. However, increasing the use
of organic fertilisers for farming and carbon neutral electricity for biomass processing
could bring substantial sustainability improvements to BECCS value chain. When land
use changes are included in the case of willow, biomass carbon footprint is found to
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Table 4.6: Alternative scenarios effect on BECCS carbon intensity over 50 years in tCO,/ha.
Using carbon neutral power had the most important impact on BECCS cumulative emissions,
followed by farming with organic chemicals. Due to the variability in bioenergy carbon footprint,
using biodiesel and drying with biomass could lead to both positive and negative impacts on
BECCS cumulative emissions. This underlines the need for precise accounting of the GHG
emissions associated with bioenergy materials production and supply.

Case study  Base case Scl Sc2 Sc3 Sc4
A -1124 -1158 -1192-(-1119) -1364 -1158
B -805 -839 -873-(-800) -1044 -824
C -288 -316 -313-(-306) -348 -343
D 31 3 6-13 -29 132

be higher than that of natural gas, hence the negative effect (decrease) on the capture
potential, rather than a positive effect (increase). Most importantly, a carbon positive
case study such as willow on central grassland, could turn carbon negative by switching
to carbon neutral electricity for biomass processing. This demonstrates the importance
of intelligent management — organic chemicals, carbon neutral electricity, low carbon for
transport and drying — to ensure bioenergy sustainability. This supports the assertion
raised in Dale et al. that bioenergy can be sustainable when carefully managed [55].

4.4 Implications for resource mobilisation

In a given case study, the outcomes of BECCS sustainability analysis were observed to
be very variable. In practical terms, this means that resource mobilisation to meet a
mitigation target could vary widely from project to project. In order to stay within the
2°C scenarios, studies showed that the required level of deployment for BECCS was of the
order of 12 GtCO/yr by 2100 in the median scenario[36]. We evaluated the biomass,
land, water, energy and nutrients requirements of BECCS given this annual carbon
removal target. Smith et al. carried out a similar meta analysis in order to compare
switchgrass-based BECCS and afforestation, given a removal target of 1 Gtc/yr [56].
The difference with our analysis is that biomass supply chain results were obtained from
various sources in the literature [I139] and did not include direct and indirect land use
changes. We performed the calculations on switchgrass and miscanthus from US and
Brazil marginal lands (no direct and indirect land use changes), based on the same
target and system boundaries in order to check the consistency of our results with the
literature 36} (56]. The study by Smith et al. was not location and biomass specific, but
most of the results were obtained for miscanthus [36]. Results for switchgrass in Smith
et al. were adapted to the 12 GtCO,/yr target [56]. BECCS scenarios resulting in very
variable dynamic emissions profile translated into different resources requirements in
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terms of land, water and energy given a fixed mitigation target. As can be seen in [4.7]
removing 3.3 Gt of carbon per year from the atmosphere using BECCS would require
the annual mobilisation of 9 and 13 Gtpy of processed switchgrass, 60 to 371 Mt of
nutrients (N and P,05), 1,250 to 2,490 Mha of marginal land in the US, and 7,800 to
15,700 Bm?® of water. As a means of comparison, 17 Mt of N and P,Os nutrients are
used annually in the US, 721 Mha of land are harvested for cereal production in the
world [78] (2014), and 7,980 Bm? of water is withdrawn — including green water — for
the world agriculture [237]. This raises the question of water and land availability and
whether marginal land will be sufficiently available and productive to enable biomass
production at this scale, so as to avoid direct and indirect land use change effects. Using
a higher yield crop such as miscanthus would lower the land and water requirements to
360-940 Mha and 3,600-9,700 Bm3, respectively.

Furthermore, BECCS would need to be deployed at the scale of 1.7 to 2.4 TW. For ref-
erence, in 2017, the total installed coal-fired thermal power capacity was 2.1 TW[238].
Conversion of both coal and natural gas-fired power plants to dedicated biomass and
biogas might well be necessary to meet these deployment targets. Furthermore, assum-
ing a base load operation of the BECCS unit (85% load factor), this deployed capacity
would represent an annual power generation of between 9,700 and 14,600 TWh, or
between 41% and 62% of the global power demand in 2017 [239]. This result is highly
dependent on BECCS annual load factor, and while a BECCS unit should run at full
capacity to remove a maximum amount of CO;, from the atmosphere, this value could
potentially be dictated by the system short run marginal cost relative to that of the
other power sources within the electricity market. Policies rewarding CO; removal from
the atmosphere will be crucial in increasing BECCS competitiveness relative to other
technologies, and in turn maximise BECCS load factor. However, from the annual
power generation must be subtracted BECCS supply chain energy requirement. Within
the uncertainty range, BECCS net energy balance could be both positive and negative,
which needs to be considered when talking about BECCS energy supply potential.

It can be observed from table that the model shows very good agreement with
the literature for switchgrass [56]. However, though the model land requirement for
miscanthus is in good agreement with the literature [36], water requirement and en-
ergy supply are found to be very different. The difference in water requirement can be
explained by the different model assumptions. In Smith et al., the contribution of bioen-
ergy production to BECCS water footprint is evaluated at 80 m3/tc/yr, and the power
plant + CCS contribution around 450 m3/tc/yr. This study assumes an evapotranspi-
ration value for bioenergy between 1,176 and 1,822 m3/tc/yr [36]. For reference, this
value compares well with our model for which miscanthus evapotranspiration is 1240
m?3/tc and total water footprint (evapotranspiration + grey water) 1635 m3/tc. The
value of 80 m3/tc is then obtained by subtracting the evaporatranspiration of a refer-
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ence grassland (the counterfactual) to bioenergy evapotranspiration [36]. However, if
considered in the water balance, the counterfactual — leaving the land as is — would also
need to be considered in the carbon balance, which would mean accounting for the CO»
which would have been captured if the land had been left as is. As this was considered
out of scope in this analysis, total evapotranspiration + grey water was selected as
biomass feedstock water footprint. Furthermore the model evaluates the power plant +
CCS water contribution at 14 m3/tc. It is assumed that the choice of a once-through
cooling system — whose water consumption factor can be 30 times higher than that of
a cooling tower system — as opposed to a recirculating cooling tower is the explanation
behind this difference. For reference, the model would result in a power plant water
requirement of 425 m3/tc with a once-through system. As for BECCS energy supply,
BECCS was found to yield 170 EJ/yr at this deployment. However, this value does
not include BECCS energy requirement which needs to be subtracted to BECCS energy

supply.

Table 4.7: Comparison of the resource efficiency given a 12 GtCO,/yr target removal of a
BECCS utility operating at 100% load factor with literature, in two cases studies: switchgrass
from the US and miscanthus from Brazil. Biomass is grown on marginal lands (no direct and
indirect land use changes). Achieving this target would require between 1.7 and 2.4 TW of
BECCS installed capacity, 1,250 and 2,400 Mha of marginal land, 7,800 and 15,700 Bm3/yr,
and 60 and 370 Gt of nutrients for a switchgrass-based system, which is in agreement with
the literature. Such an installed capacity would result in a net energy output of 15 EJ/yr on
average, but could also require 1 EJ/yr in the upper bound case. In the case of miscanthus,
water requirement could be lowered to between 3,600 and 9,700, land requirement to 360 and
940 Mha. However a miscanthus based system could lead to an net energy use of 37 EJ/yr in
the upper bound scenario.

Metrics Switchgrass Smith et al. Miscanthus Smith et al
us (2013) Brazil (2016)
Nb plants 3,413-4,852 3,323-5,758
(3,887) (4,104)
Biomass 9.2-13.1 9.0-15.5
Gtom/yr (11.1) (10.5)
Water 7.8-15.7 5.3-24.4 3.6-9.7 0.072
T™m? /yr (10.4) (14.5) (5.5)
Land 1,245-2,392 726-3,270 363-943 380-700
Mha (1,630) (1,910) (538)
Energy -22.4-1.0 -15.3-37.0 -170
EJ/yr (-15.1) (-0.01)
Nitrogen 61-210 21-92
Mt /yr (112) (42)
Phosphate 0-161 8-98
Mt /yr (55) (34)
Sources [56] [36]
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The same analysis was performed on grassland instead of marginal land, to account for
land use changes. Figure [£.13] shows the amount of land, water, and BECCS capacity
in order to meet the 12 GtCO, annual removal target, with (central grassland) and
without (marginal land) land use change. Upon including land use changes (for e.g.,
considering grassland instead of marginal land), resource mobilisation increases up to
four times in the upper bound scenario.
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Figure 4.13: Water, land and capacity annual requirements of miscanthus-based BECCS to
remove 12 GtCO,/yr. Land use changes (grassland as compared to marginal land) increase
resource mobilisation by up to four times in the upper bound scenarios.

4.5 Comparison with other carbon dioxide removal methods

The lower bounds and upper bounds results from the previous section were used to
compare BECCS performance with other negative emission technologies, such as af-
forestation and DACCS. For afforestation, data was directly used from Smith et al.,
2013 [56]. As land requirement was expressed in ha/yr, the resulting afforested surface
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over 50 years was considered in order to compare with BECCS land requirement. Data
from the literature for land and energy requirement [36), [240-H243] was adapted to this
analysis. Table [4.8] summarises these results.

Given a CO; annual removal target, afforestation resulted in an overall similar land and
water use than that of BECCS, though its land requirement corresponded to the upper
range of BECCS results. Within the uncertainty range, BECCS net energy balance could
be both positive and negative, but even when positive its energy intensity was found to
be lower than that of DACCS. DACCS land requirement was several orders of magnitude
lower than BECCS. However, the carbon footprint of the electricity used in the process,
which would have had an impact on DACCS carbon efficiency, was not considered in
the analysis. Using photovoltaic power could limit the carbon efficiency drop, but would
on the other hand substantially increase DACCS land requirement. These trade-offs
will have to be considered in detail when comparing BECCS and DACCS suitability for
climate mitigation.

Table 4.8: Comparison of the performance of a BECCS facility operating at 100% load fac-
tor with afforestation and DACCS given a 12 GtCO;/yr target removal. BECCS results were
obtained from the lower and upper bounds of miscanthus (Brazil) and switchgrass (US) simu-
lations. Afforestation water and land requirements are similar to that of BECCS, though land
requirement for afforestation corresponds more to BECCS upper bounds scenarios. DACCS land
requirement is negligible compared to that of BECCS, but naturally has a higher energy require-
ment. From these simulations, BECCS maximum energy use is in all cases lower than the 145
to 247 EJ/yr required to remove the same amount of carbon with DACCS.

Metrics BECCS Afforestation DACCS
Nb plants 3,323-5,758 3320
Water 3.6-15.7 5.3-11.6

™™ /yr

Land 363-2,392 1,110-2,480 0.04-3.3
Mha

Energy -22.4-37.0 81-274
EJ/yr

Nitrogen 21-210 0.3-2.4

Mt/yr

Phosphate 0-161 0.7-2.5

Mt/yr

Sources [56] [36] 240H243]

4.6 Preliminary conclusions and discussion

In this part of the study, we used MONET through five thought experiments to quantify
BECCS resource efficiency and carbon negativity under different scenarios.
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The main conclusion of this study is the great variability in the possible outcomes of a
BECCS project, both in terms of its cumulative net carbon removal over its lifetime, and
also the time required for a given facility to start removing CO; from the atmosphere.
Determining the sustainability or otherwise of a given BECCS project as a candidate for
climate change mitigation is therefore only possible on a case-to-case basis. This has
substantial implications for the regulation of those systems. The efficiency with which a
BECCS project would remove CO; from the atmosphere is a first issue. Among carbon
negative scenarios, it was observed that BECCS carbon intensity per hectare could vary
greatly, which in turn means a great difference in the amount of resources (water, land,
power plants) used to remove a ton of CO; from the atmosphere. For BECCS to be
a valuable asset to the system, a minimum CO; removal efficiency might have to be
defined to differentiate inefficient from efficient systems, therefore excluding scenarios
that are not worth pursuing.

In terms of time horizon, depending on the conditions and due to biomass initial carbon
cost to the ecosystem, BECCS does not necessarily start being a net carbon sink from
year 1. If we consider that BECCS provides a service to the market — removing CO,
out of the atmosphere, therefore avoiding future costs associated with climate change
adaptation, it is reasonable to suggest that this service could be remunerated. However,
it is also reasonable to suggest that this remuneration does not start until the facility is
actually removing CO; from the atmosphere. Given that this breakeven time could be
several years, this could well serve to complicate the delivery of BECCS projects, as the
incentive for investing in BECCS might be otherwise insufficient.

Finally, in the case of a global deployment of an unintegrated BECCS value chain, this
carbon crediting scheme would also need to acknowledge the diversity of stakehold-
ers — biomass production, power generation, CO, transport and storage, and possibly
countries, involved in BECCS value chain.

The next chapter explores another controversy associated with the large scale deploy-
ment of BECCS: is BECCS a net provider of energy?



Chapter 5

Is BECCS a threat to energy
security?

5.1 Introduction

5.1.1 Objectives of the chapter

This chapter explores BECCS's ability to provide energy in a timely fashion. The purpose
of this study is to deliver an analysis of the Energy Return on Investment (EROI) of
BECCS, in order to provide insight into the circumstances under which BECCS can be
net positive or negative, and to identify the key levers for improving the net energy
balance. This chapter is structured as follows. The remainder of the introduction
discusses the role of the EROI metric in the literature in general, and in the context of
bioenergy in particular. Section[5.2.1]the details of the supply chain scenarios considered
for this study. Section presents the cumulative energy demand, power generation
efficiency, cumulative EROI and cumulative net electricity balance of a UK-based BECCS
facility using domestic or imported biomass pellets. In Section [5.3] an energy flow
analysis provides insights as to the key levers of BECCS electricity balance improvement,
including BECCS power generation efficiency. In meeting its long-term climate change
commitments, the UK has set the target of achieving a net zero CO, economy by 2050.
As the UK economy is not anticipated to be carbon neutral by 2050, meeting this
target will rely on the net removal of CO, from the atmosphere, via the deployment
of BECCS at the rate of 50 MtCO,/yr [244]. The impact of BECCS power generation
efficiency on the net electricity balance, the BECCS capacity and amount of resources
— land and water — required to remove these 50 MtCO; per year with UK-base BECCS
fleets is also evaluated in section Finally section [5.4] discusses the results and their
socio-economic implications.

131
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5.1.2 EROI for technology valuation

Energy systems follow the same rule as organic systems: in order to be viable, they need
to produce at least as much useful energy as they consume [146]. This is measured
by the Energy Return On Investment, which calculates the ratio of energy output of
a system or resource to all the energy inputs required by this system, or to exploit
this resource. It is thus a measure of the energy cost of energy: how much energy
is required to provide energy in a specific form with a given technology? Deploying a
technology with an EROI less than unity, would mean that overall, the technology uses
more energy than it returns to society, which would result in the need for this technology
to be complemented by other energy sources, preferably with a high EROI, to operate.
Hall et al. suggest that fossil fuels could typically be used to compensate this energy
deficit [146]. From this perspective, if, owing to poor management of the supply chain,
BECCS EROI were to be found very low, deploying BECCS at the EJ scale could lead to
an increase in fossil fuel use, which could hinder the potential environmental benefits of
BECCS deployment, leading to further overshoot of emissions requiring the subsequent
additional deployment of NETs, and so on, ad infinitum.

Though conceptually simple, there are, however, many caveats associated with the cal-
culation of this metric. The first lies in the definition of the boundaries of the system
for which EROI is calculated: what should be considered as the 'energy output’ of the
system, and similarly, what should be considered as 'energy inputs' [147]. Murphy et
al. categorised fourteen EROI methodologies, defining three levels of energy output
boundaries from extraction (or 'mine-mouth’) to end-use or point of use, and five levels
of energy inputs from direct energy and material inputs to auxiliary services consump-
tion and environmental impacts [147]. As pointed out by the authors, the diversity in
methodologies result in a great divergence in EROI values in the literature, with the
EROI of modern coal being found between 20 and 67, between 1.6 and 12 for solar
collectors power, and 0.8 and 10 for biofuels. Another consequence of this boundary
definition is that the criteria of having an EROI above one at extraction or processing
might not be enough, as the EROI at the point of use could therefore be lower than
one. For example, Hall et al. propose that biofuels must provide a minimum EROI of
3:1 at processing in order to be a viable alternative to fossil fuels [146].

Another challenge lies in differentiating energy inputs and outputs in terms of energy
quality. Considering that 1 joule of diesel has the same value as 1 joule of solar power
overlooks the many attributes of an energy source; among service provided, scarcity,
exergy, energy density, cleanliness, etc., which overall define its quality.[I47] As a first
approach, a common but fundamental distinction is made in studies between Primary
Energy (PE) sources and Energy Carriers (EC): when calculating EROI based on energy
carriers, 1 joule of electricity is equivalent to 1 joule of fuel, whereas in a primary en-



5.1. INTRODUCTION 133

ergy methodology, all energy carriers vectors are converted back into the primary energy
source from which they were generated [148] [150]. When the output of the system is
electrical energy, considering the electrical equivalent energy (EEQ) of primary energy
inputs is another method when performing EROI calculations. In calculating the net
electricity balance and the EjROI of solar photovoltaic (PV), Dale et al. considered
the total electrical output, minus, or divided by, the cumulative primary energy use for
the technology supply chain, converted into electrical energy equivalent [149]. Method-
ologies to convert energy inputs to weight them by quality, price-based adjustment or
exergy-based adjustments are further examples which highlight the potential complexity
of EROI calculation [147].

The quality of the energy source is equally important when comparing the EROI of
different technologies, and can also be measured by the nature of the service provided
by the energy source. Renewables such as wind and solar, which provide ready-to-use
electricity, have typically a lower EROI than fossil fuels, which still need to be converted
before delivering any form of energy. When comparing energy sources on the basis of
similar service provided, the EROI of coal electricity for example, can be found between
12-24 [148], which is of the same magnitude of solar electricity, with values between 6
and 12 [148], and a median at 10 [145].

5.1.3 The EROI of bioenergy

There are many studies presenting energy analysis or EROI calculations of solid and
liquid biofuels, as well as E;ROI calculations of bioelectricity. Moriarty et al. points out
the wide range in these evaluations [93]. The EROI of short rotation willow in Europe
is reported to be in the range 14.4 - 64.8, and that of miscanthus in Ireland, between
3.6 and 6.5. In terms of biofuels EROI, the authors report a range of 1.5-1.6 for US
corn ethanol, up to 6 for US cellulosic ethanol, and Brazilian sugar cane ethanol at 5
[93]. These examples highlight the importance of explicitly considering specific region
and feedstock when evaluating the EROI of resources, as biomass yield per hectare for
example, may vary strongly from one region to another. Model boundaries also matter
in the calculations. Table gathers EROI values adapted from the literature, and
highlights the importance of boundary choice when assessing bioenergy energy balance.

From this brief review of the literature, it can be observed that bioenergy EROI has been
reported to have a wide range, with values between 2.3 and 84 as a function of biomass
type, origin, and specific supply chain. However, when considering the whole value
chain including pre-treatment and transport of the biomass, the range narrows to 3.6 to
15.9 for ready-to-use biomass pellets, and 2.3 and 4.2 for bioelectricity, when including
pellet combustion. However, no ranges of EROI values for BECCS are reported in the
literature.
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Table 5.1: EROI values in the literature. Variations are observed depending on region of pro-
duction, biomass type and supply chain boundaries.

Crop, region EROI? Boundaries

Miscanthus, average [193] 34.6 Raw biomass: production only no irrigation

Miscanthus, Poland [195] 23.4 Raw biomass: production only no irrigation, 4k
transport

Miscanthus, Germany [199] 14.4 Bioelectricity: Production (bale), 100k transport,
chopping and milling for combustion

Miscanthus, Ireland [137] 3.6 Pellet:  production (bale) no irrigation, 100k
transport, drying and pelleting

Switchgrass, US [208] 9.5-12 Raw biomass: production (bale or chopped) in-
cluding irrigation

Switchgrass, US [201] 74-84 Raw biomass: production (bale) no irrigation,
storage

Switchgrass, US [193] 16.4 Raw biomass: production only no irrigation

Switchgrass, US [139] 11-20 Raw biomass: production only no irrigation (bale,
chopped), transport 40k

Willow, Sweden [245] 20.9 Raw biomass: production and 50k transport

Willow, average [193] 12 Raw biomass: production only no irrigation

Willow, Belgium [246] 11-54 Raw biomass: production only no irrigation

Wood pellets, Australia and 2.4-15.9 Pellet: production, drying (50% of the feed-

Russia[215] stock), pelleting and transport

Willow, Poland [195] 155 Raw biomass: production only no irrigation, 4k
transport

Wheat straw, New Zealand 4.2 Bioelectricity: Collection (bale), 90k transport,

[247] grinding, combustion

Wheat straw, UK [218] 2.3 Bioelectricity: collection (bale), 40k transport,

conditioning, combustion

2EROI of biomass pellet or E;ROI of bioelectricity

5.1.4 The UK as a case study

As part of its transition to a low-carbon economy, the UK has committed to be net
zero by 2050 [244]. Forecasts anticipate that in achieving this target, 50-130 MtCO, /yr
of carbon dioxide could be sustainably removed from the atmosphere via BECCS, in
order to offset remaining emissions from various sectors of the industry [244]. Building
sustainable biomass supply value chains, as well as deploying an efficient CCS network,
will be crucial in reaching this target. In 2015, the total EU pellet consumption reached
20 Mt of biomass pellets, with 6.2 Mt of imports, coming at 90% through the North
America-EU trading route. In the UK, Drax power plant alone used 6.5 MtCO; of pellets
in 2016 for its three biomass-dedicated 660 MW units. Though the majority of Drax
feedstock originates from sawmill and forestry residues [40], and increasing biomass
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demand in the UK, for both bioenergy and negative emissions purposes, will inevitably
result in a diversification of the biomass feedstock, likely combining both domestic and
imported agricultural residues and dedicated energy crops. On the CCS front, the UK
boasts a diverse and well-characterised CO; offshore storage capacity in the North Sea.
Results from the Energy Technology Institute UK CO; storage appraisal project indicate
that the UK has a technical offshore CO; storage capacity of 80 GtCO, [176].

5.2 BECCS net electricity balance

5.2.1 Thought experiment

A UK-based 500 MW dedicated biomass pulverized fuel power plant, combined with
amine-based post-combustion capture technology was considered as the main BECCS
pathway for the UK in this analysis. Two archetypal feedstock supply chains were
considered: domestic pellets and imported pellets from overseas. The purpose of these
two scenarios is to compare the energy and carbon intensities of using local biomass,
hence minimising transport, with importing biomass from a potentially more productive
region, close to the coast, which requires oversea shipping. The region of import selected
for the purpose of this study was Louisiana, as this is where the pelleting plants and
port terminal owned by the UK DRAX power plant, which, in 2018, sourced over 50%
of its pellet supply from the USA, are located [40].

Figure [5.1] gives a graphical representation of these two thought experiments, including
key regional input data such as biomass yield, grid power generation efficiency, and
primary energy to electrical energy conversion coefficients for the different fuels involved
in BECCS value chain. As observed in Figure biomass yield is on average higher
in the oversea scenario, while the average efficiency of power generation is lower, which
has a direct impact on the power to primary energy conversion when computing the
EROI of the overall system. Both options were evaluated with the low, median and
high values of the input parameters, resulting in a low, median and high scenarios for
the results. It is worth noting that as more data was available for the UK than for
Louisiana, the uncertainty ranges were usually larger for the UK.

Table [5.2] summarises the low, median and high values of some of the key model input
data in both pellet supply chain scenarios, with their references.
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Figure 5.1: Case study and input data considered in the model. Biomass yield (bar chart),
primary energy to electricity conversion coefficients for each fuel (table), and average efficiency
of the region power generation (region colouring) are given for each region in the low, median
and high scenario. Biomass yield is on average higher in the oversea scenario, while the average
efficiency of power generation is lower, which has a direct impact on the power to primary energy
conversion when computing the EROI of the overall system. Higher yield variability in the UK
is due to a higher availability of yield values in the literature for the UK than for Louisiana.

5.2.2 Energy model validation

In order to compare the different contributions, each energy input was calculated per
dry ton of pellet delivered to the power plant. This distinction between the embodied
energy GJ/tpy harvested and delivered is important since it accounts for dry and wet
mass loss along the supply chain. Comparing the embodied energy results with literature
is only possible when the boundaries and assumptions (yield, moisture, transportation
distance, etc.) of the models are known. For a proper comparison, the model was
evaluated in the closest conditions to those of the source. The analysis presented in
Table indicates that our results are in good agreement with the literature.
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Table 5.2: Energy model key input data

Parameter Unit Domestic Imported Sources
Biomass Biomass

Willow yield tpm/ha/yr 4- - 17 (9) 5.1 see table

Switchgrass yield tpm/ha/yr 11 - 15 (13) 74 - 126 see tables@]and

(10.8) B.13]

Miscanthus yield tpm/ha/yr 5 - 241 281 see tables[B.12and
(12.8)

Wheat straw yield tpm/ha/yr 43 - 157 19-6.4(4.1) see tables[B.12land
(9.4) B.13

Electricity carbon footprint kgco,/MWH349 400 [248]| 249]

Ngrid % 44 37 [152]

Celec—sPE MJ/MJ 2.27 2.70 own calculation

Caiesel —elec % 20— 45 (35) 20 - 45 (35) [152]

CNGselec % 30-58 (52) 39-58(43)  [I51 157

CHEOselec % 20— 44 (29)  35-44(35)  [I51, 157

Road Distance (truck) km 50 250 own calculation

Ship Distance (ship) km 0 9,045

For complete model data and references, see Appendix
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Table 5.3: Embodied energy model comparison with literature results

Crop, region®°Ure® Units Results Model
Miscanthus, average [193] GJ/tpm 0.52 0.31-1.02 (0.57)
Miscanthus, Poland [195] GJ/tpm 0.77 0.32-1.03 (0.58)°
Miscanthus, Germany [199] GJ/tpm 1.25 0.86-2.00 (1.29)¢
Miscanthus, Ireland [137] GJ/Glyny 0.28 0.08-0.14 (0.10)¢
Switchgrass, US [208] GJ/tpm 1.5-1.9 0.7-1.8 (1.1)f
Switchgrass, US [201] GJ/tpm 0.2 0.4-1.4 (0.8)8
Switchgrass, US [193] GJ/tpm 1.1 0.4-1.4 (0.8)8
Willow, Sweden [245] GJ/tpm 0.86 1.5-2.6 (1.8)"
Willow, average [193] GJ/tpm 15 0.5-1.5 (0.9)?
Willow, Belgium [246] GJ/(hayr) 3-16 6-12 (9)°

Wood pellets, Australia and GJ/tpm 1.13-75 3.7-8.0 (5.2)
Russia[215]

Willow, Poland [195] GJ/tom 0.16 0.58-1.67 (1.01)b
Wood pellets [184] MJ/tu,0 4455 4563 1

Wheat straw, New Zealand GJ/GJe 0.24 0.16-0.30 (0.22)%
[247]

Wheat straw, UK [218] GJ/GJe 0.44 0.16-0.29 (0.22)

2Model lower bound - upper bound (average) results for Europe, production only no irrigation.

bModel lower bound - upper bound (average) results for Europe, production only no irrigation, 4k
transport.

dModel lower bound - upper bound (average) results for Europe, production (bale), 100k transport,
chopping and milling for combustion.

®Model lower bound - upper bound (average) results for Europe, production (bale) no irrigation,
100k transport, drying and pelleting.

fModel lower bound - upper bound (average) results for the US, production (bale or chopped).
)
_ )
'Model lower bound - upper bound (Europe-US) results, production, drying (50%), pelleting and
transport.

iDrying 45% to 15%.

KModel lower bound - upper bound (average) results for the US, collection (bale), 90k transport
grinding, combustion.

€Model lower bound - upper bound (average) results for the US, production (bale) no irrigation.

hModel lower bound - upper bound (average) results for Europe, production and 50k transport.

'Model lower bound - upper bound (average) results for Europe, collection (bale), 40k transport
grinding, combustion.
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5.2.3 Cumulative energy demand of BECCS

The cumulative energy demand of BECCS was calculated in terms of energy carrier,
primary energy and electrical energy equivalent, over the lifetime of a BECCS project
which was considered to be fifty years, expressed in GJ/ha, or in GJ/tpm. When
expressed in GJ/tpym, the cumulative energy demand is the same as the embodied
energy (EE) of the dried pellet delivered at the power plant. These results are presented

in Figure [5.2]
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Figure 5.2: Cumulative energy demand of domestic (left) and imported (right) biomass pellets
for different system boundaries: energy carrier (a), primary energy (b) and electrical energy
equivalent (c). Cumulative energy demand is strongly dependant on the region, biomass and
methodology chosen. Importing biomass pellet does not necessarily increase the energy demand
as opposed to using domestic biomass. In the case of miscanthus, the transport energy con-
tribution increase is almost compensated by the decrease of other contributions (chemicals, in
field operations), due to a higher crop yield.

It was observed that the cumulative energy demand is strongly dependent on the region
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of origin and biomass type. As expected, the cumulative energy demand expressed
in terms of primary energy presents the numerically largest result, between 1.8 and
17.2 GJ/tpm, with large contributions from the electricity inputs such as grinding,
pelleting and pellet grinding. The cumulative energy demand in energy carrier results
in a numerically smaller value, between 1.2 and 14.1 GJ/tpy, with larger contributions
from fossil fuel inputs such as farming, transport and drying. Finally, the energy demand
in electrical energy equivalent is the lowest, with values between 0.7 and 7.9 GJ/tpm.
EROI methodology therefore impacts the total cumulative energy demand, as well as the
main drivers of this energy demand. One must therefore be cautious when choosing one
methodology over the other when identifying the key levers of improvement of BECCS
net energy balance. The PE approach is assumed to be the most conservative approach
when presenting EROI of pellets.

Wheat straw has the lowest cumulative energy demand. This can be explained by the
fact that, in MONET, wheat straw is considered to be an agricultural residue, and all
the energy inputs — fertilizer and in-field operations — associated with the production of
wheat grain, are not allocated to the straw. However, straw collecting and additional
fertilizer application due to removal of the straw from the field were accounted for.

Naturally, importing pellets from Louisiana as compared to using domestic pellet from
the UK increases the transport contribution. Road transport, in particular, is what
drives the transport cost. With a diesel fuel efficiency of about 1.65 MJ/(tons.km)
in road transport, and a heavy fuel oil (HFO) efficiency of 0.05 MJ/(tons.km), 1 km
of road shipping costs about 30 km of sea shipping. Therefore, transporting national
biomass a distance of 400 km by road by road requires as much energy as shipping
biomass over 13,000 km. Taking the road distance between the farm to the harbour
and the harbour to the power plant into consideration, an equivalent journey in energy
cost could be for example transporting feedstock grown within 100 km of the American
east coast to Drax power plant in the UK. This shows that global supply chains should
be designed so as to minimise their reliance on road transport (ocean and rail being
preferred), and that the development of low carbon (or carbon negative via BTL+CCS)
transport fuels will be vital in ensuring the sustainability of BECCS. Focusing on road
and ocean transport highlights the importance of coastal as opposed to inland regions
for bioenergy production. However, this conclusion could be nuanced when exploring the
combination of rail and barge transport as an alternative to road transport. However,
as can be seen in the case of miscanthus, the transport energy contribution increase
can be almost compensated by the decrease of other contributions such as chemicals,
and in field operations, due to a higher crop yield.

Willow stands out as unique in this study in that its embodied energy is primarily driven
by drying. This is due to the fact that willow has a high average moisture content at
harvest (52%), compared to 23% for miscanthus, 12% for switchgrass and 11% for wheat
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straw. The moisture target at the drying stage was set to 15% in this analysis, in order
to meet the moisture requirement of 10% for the pelleting process, and assuming a 5%
moisture loss during grinding. This explains the absence of drying requirement for both
switchgrass and wheat straw. In another supply chain scenario (bale or chips), biomass
could be dried at a higher moisture content. However transportation energy cost and
boiler efficiency penalty in the power plant would automatically be higher, which could
potentially offset the energy saved at the drying stage. The embodied energy associated
with the chemicals used also constitutes an important share contributing to above 10%
of the overall embodied energy. This is due to the fact that willow is characterised
by a relatively low yield for a high chemical input rate. Pellet grinding cost represents
between 5 and 17% of the total production energy cost. Williams et al. showed that
treatment on biomass pellets could reduce this cost by as much as a factor of four with
steam-exploded pellets, and up to a factor of 25 with torrefied pellets [70]. Torrefied
pellets grinding cost would therefore be over five times lower than that of coal on a
mass basis, and four times lower on an energy basis. Torrefaction was not included in
this analysis, but the trade-off between torrefaction energy requirement and improved
power plant performance with torrefied biomass is clearly an area which warrants further
study.

The relative magnitude of the uncertainty associated with the total embodied energy
is observed to vary significantly between regions. For example, the calculated range
for India is much greater than that for Europe. This observation is primarily driven
by uncertainty in yield data. Yield data was widely available in Europe, which enabled
the use of a 95% confidence interval as the uncertainty range, thus excluding extreme
yield values. For India, yield values obtained experiments in arid or semi-arid climates
in other regions were used [119, [250], but these data were scarce and highly variable.

5.2.4 E;ROI and Net Electricity balance

Having first calculated pellets’ cumulative energy demand and BECCS cumulative elec-
tricity produced over the project lifetime, we calculated BECCS EROI and E;ROI as
a function of time. Figure presents the evolution of the values of biomass pellets
EROI (a) and BECCS E|ROI (b) over time.

Two specific insights can be obtained from Figure 5.3} the median cumulative EROI
and E;ROI values over the project lifetime, as well as the electricity pay-back time. It
is observed that for electricity positive systems, the E;PBT varies from 1 to 4 years.
In the case of willow, upon importing pellets as opposed to using domestic pellets, the
system becomes energy negative, as the lifetime E;ROI is found to be below one. The
range of values obtained for the lifetime cumulative EROI and E;ROI are presented in

Figure [5.4]
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Figure 5.3: Dynamic EROI of biomass pellets (top) and dynamic E;ROI of abated bioelectricity
(bottom) for the two feedstock case studies, in the median scenario. In the case of willow, upon
importing pellets as opposed to using domestic pellet, the system becomes energy negative, as
the lifetime E;ROI is found below one. For energy positive systems, the E;PBT ranges from 1
to 4 years.

As observed in Figure[5.4] the median lifetime cumulative EROI varies from 1.1 to 10.3.
These values are consistent with the biomass pellet EROI range of 3.6 to 15.9 reported
in the literature, considering the variability in the input data and EROI calculation
boundaries. In terms of lifetime cumulative E;ROI, values drop to 0.5 for willow from
Louisiana, with maximal E;ROI attained for domestic switchgrass at 5.7.

Another way to look at the dynamic energy return is to analyse the net electricity
balance of the system, over the course of a project lifetime. These results are presented
in Figure[5.5

As presented in Figure[5.5, depending on the region and feedstock scenario, but also on
the model input data (yield, moisture content, chemical application rate, fuel efficiencies,
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Figure 5.4: Lifetime EROI of biomass pellets (blue) and lifetime E;ROI of abated bioelectricity
(red) for the two case studies. The lifetime cumulative EROI vary from 1.1 to 10.4, whereas
the lifetime cumulative E;ROI values drop to between 0.5 to 5.7

embodied energy in fuel and chemicals, primary energy to electrical equivalent conversion
coefficients, power generation efficiency, etc.), BECCS can lead to both negative and
positive energy balances.

Overall, using agricultural residues such as wheat straw could be a promising option,
as operating BECCS with this feedstock overall leads to a positive energy balance.
However, this statement requires several caveats. First, the lifetime cumulative energy
generation per hectare of such a system is low owing to a low straw yield per hectare,
resulting in an inefficient use of the land for energy production via BECCS. Moreover,
considering straw as a waste from grain production stands as long as wheat grain is not
grown as an energy crop, which could be challenged if all wheat straw production was
used for BECCS. Finally, BECCS deployment through agricultural residues will also be
limited by regional wheat availability.

Using energy dedicated crops could be more challenging because of yield variability, as
well as higher cumulative energy demand. In the case of willow, a lower yield, longer
harvest cycle and higher cumulative energy demand result in a very low cumulative net
power production in the mean and high scenarios, with an net energy negative balance
in the mean scenario in the case of pellet imports from Louisiana. However, using higher
productive grasses such as miscanthus and switchgrass could result in high cumulative
net energy balance over fifty years, with values as high as 3,500 GJ/ha of net electricity
produced in the case of miscanthus from the UK.
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Figure 5.5: Cumulative net electricity balance of a BECCS facility using wheat straw (a and e),
switchgrass (b and f), miscanthus (c and g), and willow (d and h) sourced from the UK (left)
and Louisiana (right), in the high, mean and low scenarios. Depending on the scenario and case
study, BECCS can lead to both positive and negative energy balances.
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5.3 Improving BECCS net electricity balance

5.3.1 BECCS plant base efficiency

We calculated the plant power generation efficiency using the power plant model pre-

sented in . Figure represents the power plant power generation efficiency # (in %
HHV) as a function of the capture rate and co-firing rate.
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Figure 5.6: 500 MW supercritical coal-miscanthus pellets fired power plant efficiency (%HHV) as
a function of capture and for different co-firing proportions. Efficiency decreases with capture
rate, as the capture unit requires extra energy, and to a smaller extent with the increase in
biomass share in the fuel.

As shown in figure [5.6] efficiency decreases with capture rate an co-firing proportion.
This is explained by the efficiency penalty both imposed by the capture system and by
the use of a lower quality fuel (lower HHV). It can be observed that the efficiency drop
is more driven by the capture rate than by the co-firing increase: the efficiency drop is
between 0.95 to 1.1% points for a 10% CO, capture rate increase, where it is between
0.15 to 0.40 for a 10% co-firing increase. With biomass pellets at 5% moisture and a
power plant operating at 100% co-firing and 90% capture rate, the efficiency is found
to be around 26%yyy for all scenarios.

5.3.2 lIdentification of main energy losses

A energy flow analysis was performed on the system to identify the main energy losses
along BECCS value chain, and their impact on BECCS electricity balance. Figure
presents the energy flow diagram of BECCS systems operating on domestic and imported
biomass feedstock.
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Figure 5.7: Energy flow diagram of BECCS value chain for domestic (left) and imported (right)
wheat straw (a and e), miscanthus (c and g), and willow (d and h) pellets. Biomass conversion
and CCS in the BECCS facility, followed by road transport, drying, and farming constitute
the main energy losses along the chain. Power generation efficiency, transport fuel efficiency,
moisture content and yield are therefore key levels to be optimized. In the case of miscanthus,

an increase in transport energy losses for imported pellets, can almost be compensated by a
decrease of farming losses because of an increased yield.

Biomass conversion and CCS in the BECCS facility, followed by road transport, drying,
and farming (including inputs) constitute the main energy losses along the chain. Power
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generation efficiency, transport fuel efficiency, moisture content and yield are therefore
key parameters to be optimised when maximising BECCS net electricity balance. In
terms of management of these levers, yield, moisture, and transport fuel efficiency are
highly dependent on the feedstock and region of import, and can therefore be complex
to predict and control. Power generation efficiency, however, as purely linked to the
technology of the UK-based facility, constitutes a more tractable level to improve BECCS
net electricity balance.

As shown by Bui et al., BECCS efficiency can be increased by using advanced solvents
with reduced heat duty, as well as by implementing heat integration options such as
heat recovery from the exhaust gas to provide the solvent regeneration heat duty [49].
With such modifications, it was found that BECCS power generation efficiency could
be increased to 38%ppy. This option was subsequently evaluated in MONET.

5.3.3 Power generation efficiency improvement and implications for re-
source mobilisation

In this section of the analysis, we calculate the annual net electricity production of a
UK BECCS fleet operating to remove 50 MtCO, per year. Using MONET, this target
scenario also enables the calculation of the annual land, water and BECCS capacity
requirements to meet this carbon removal target.

Figure [5.8] represents the net energy balance, land use, water use, BECCS capacity and
amount of CO; removed per unit per year for 26% (base case) and 38% efficient BECCS
fleets, for all pellet supply scenarios. It is worth noting that the amount of CO;, removed
per unit per year, and BECCS deployed capacity, are inversely proportional.

As can be observed from Figure[5.8) BECCS capacity requirement and resource mobili-
sation in order to meet a given carbon removal target is entirely case specific. Meeting
the UK's 2050 target will require between 8 - 14 GW of installed capacity, which rep-
resents 14 to 25% of the UK annual electricity generation by 2050 [251]. In terms of
resources, between 2 - 175 Bm3/yr of water and between 232 ha (when agricultural
residues are used and the only land footprint considered is that of the power plant) and
22 Mha of land would be required, domestic wheat straw being the best case scenario,
and imported willow pellets, the worse. It is important to note that these scenarios were
considered to compare two archetypal supply chains, and no constraint on regional land
and water availability were considered in their implementation. As a reality check, in the
BECCS via domestic wheat straw scenario, 47 Mt of wheat straw, hence about 36 Mt
of wheat grain, would be required per year, which is more than double the UK annual
wheat production in 2014 [78]. A combination of wheat straw and energy dedicated
crops would therefore be required to meet the UK carbon removal target via BECCS
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Figure 5.8: Mean net electricity balance (y-axis), water use (color scale), land use (marker size)
as a function of CO; removed per unit per year (top) and capacity requirement (bottom), for a
26% and 38% efficient BECCS fleet. BECCS deployed capacity can be as high as 14 GW and
as low as 8 GW, with annual water use between 2 and 175 Bm3/yr, and the land use between
232 ha (when agricultural residues are used and the only land footprint considered is that of the
power plant) and 22 Mha. The deployed BECCS fleet can generate up to 137 PJ/yr, but also
require up to 66 PJ/yr in the case of willow pellets from Louisiana. Increasing BECCS power
generation efficiency would improve the system net energy balance, but would also result in a
lower CO; removal per BECCS unit, hence in a higher BECCS capacity, and to a smaller extent
a higher amount of land and water required to meet a given carbon removal target.

with domestic biomass. Similarly, relying on imported willow pellets to meet the UK
carbon removal target would lead to the mobilisation of 22 Mha of land in Louisiana. In
this study, we assume that energy dedicated crops are grown on marginal land to avoid
direct and indirect land use change. As the total area of Louisiana is approximately 13.5
Mha, there would not be enough land, let alone marginal land, to meet the UK removal
target via this option. Designing optimal BECCS supply chains to meet a given carbon
removal target will therefore need to consider a combination of regions, and specifically
account for regional land and residue availability. It is also worth noting that wheat
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straw very low land use and water use is also due to the fact that straw was considered
as a waste from wheat grain production, therefore not accounting for land and water
use for wheat farming in wheat straw CO;, water and land balance. This assumption
could be challenged if wheat straw use for BECCS started to impact wheat production
for food.

In terms of net electricity generated, this BECCS fleet can generate up to 137 PJ/yr in
the case of domestic wheat straw, but also require up to 66 PJ/yr in the case of willow
pellets imported from Louisiana. To put these values in context, in 2014, electricity
generation from bioenergy in the UK amounted to approximately 118 PJ [252]. Meeting
the UK annual carbon removal target per year could thus potentially result in a 16%
increase of bioelectricity supply when using domestic agricultural residues such as wheat
straw, but could also consume the equivalent of 50% of the current UK bioelectricity
supply when operating on willow pellets imported from southern USA. This could have
profound implications as to UK electricity system design, with current forecast relying
on BECCS as a net source of electricity, rather than as a net sink of electricity.

Increasing BECCS power generation efficiency would improve the system net energy
balance, but would also result in a lower CO, removal per BECCS unit, hence requiring
greater BECCS facility, as we have discussed previously [74], and to a smaller extent, a
higher amount of land and water required to meet a given carbon removal target.

5.4 Preliminary conclusions and discussion

In this chapter, we evaluate the energy return on investment (EROI) of an archetypal
BECCS facility. In order to highlight the importance of biomass sourcing, two feed-
stock scenarios are considered: use of domestic biomass pellets (UK) and import of
biomass pellets from Louisiana, USA. We use the Modelling and Optimisation of Neg-
ative Emissions Technologies (MONET) framework to explicitly account for growing,
pre-treating, transporting and converting the feedstock in a 500 MW BECCS facility. As
an example, we illustrate how the net electricity balance (NE;B) of a UK-based BECCS
facility can be either positive or negative, as a function of supply chain decisions. Power
plant efficiency, fuel efficiency for transport, transport distance, moisture content, dry-
ing method, as well as yield were identified as key factors that need to be carefully
managed to maximise BECCS net electricity balance. A key insight of this contribution
is that, given an annual carbon removal target, increasing BECCS’ power generation
efficiency by using a more advanced biomass conversion and CO; capture technology
could improve BECCS net electricity balance, but at the cost of increasing the amount
of BECCS capacity required to meet this target. BECCS optimal deployment pathway
is thus heavily dependent on which service provided by BECCS is most valued: carbon
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dioxide removal or power generation.

In this analysis, we found that BECCS E|ROI is highly variable depending on the feed-
stock and region of import scenarios considered, with values be as low as 0.5 and as high
as 5.7. While lower bounds values are therefore energy negative (EROI below unity),
upper bounds values were found in the range of solar PV. They remain however lower
than the E;ROI of coal fired electricity, which was evaluated in the 12-24 range in Raugei
et al. [148]. However, adding CCS to coal electricity could substantially lower the E;ROI
of coal electricity [145]. This would mean that, in some scenarios, BECCS would be
competitive with other low-carbon energy technologies, whilst also providing the addi-
tional service of atmospheric carbon dioxide removal. Though careful management of
BECCS value chain can potentially lead to competitive E;ROI values, scenarios with low
E;ROI could also be a reality. This would have several socio-economic implications. As
observed by Hall et al., biofuels with EROI values below 3:1 might need to be subsidised
by fossil fuels, in the sense that their deployment would rely on the energy viability of
fossil fuels, in order to provide value to the energy system [146]. This would mean that
BECCS scenarios for which more energy is consumed than electricity is produced, could
lead to an increase in fossil fuel use. This could threaten world energy security, as well
as BECCS’ carbon removal potential, as an increase in fossil fuel CO, emissions could
offset the negative emissions provided by BECCS.

However, the implication may be nuanced when considering BECCS might not be solely
deployed in the purpose of generating power, but also, and primarily, to remove CO,
from the atmosphere. In Mac Dowell and Fajardy, it is shown that, providing a negative
emissions credit is available to the operator of the BECCS facility, it is more profitable
for a BECCS power plant to operate on a base-load fashion, therefore removing CO,
constantly, and dispatching power on the electricity grid on a load following basis [74].
This underlines that BECCS' service of CO, removal, could be more important than
energy generation.

It is also important to highlight that there are important trade-offs between carbon
removal and power generation. As noted in the literature, less efficient power plant
remove more CO; per year or per MWh, generated than their more efficient counterparts
[49] [74]. This was also observed in this analysis, as increasing BECCS efficiency improved
BECCS net electricity balance and E;ROI, hence its value to the energy system, but also
resulted in a decrease in the amount of CO, removed per facility per year, hence in a
larger BECCS fleet required to meet an annual carbon removal target. To a smaller
extent, resource mobilisation — land and water — also increased. Consequently, from
an investment perspective, and depending on the source of the investment — negative
emissions or energy sector - BECCS E;ROI might be less important than for other power
generation technologies. To put BECCS net electricity balance in perspective, DACCS
could require between 335 and 1,135 PJ/yr to remove 50 MtCO, /yr [241] 242, [253],
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which is still 5 to 17 times higher than BECCS energy requirement when deployed with
willow from Louisiana.

Chapters [4] and [5| explored BECCS performance in terms of resource efficiency, carbon
negativity, and energy positivity, under different scenarios, with no consideration of
regional geophysical constraints to BECCS deployment. The next chapters explore
BECCS optimal deployment to meet regional and global CO; removal targets, subject
to resource and infrastructure constraints.



Chapter 6

Environmental trade-offs between
optimal biomass supply chains in
selected regions

6.1 Introduction

6.1.1 Objectives of the chapter

This chapter looks at BECCS optimal deployment within the BECCS performance
trilemma: 1) technical performance, 2) resource efficiency, 3) environmental impacts,
and presents a region-specific optimal allocation of resources — biomass feedstock,
land, water, energy, CO, storage — to meet regional carbon dioxide removal targets
via BECCS.

Given the UK's 2050 carbon removal target and identified available CO, storage in the
North Sea, the design of optimal BECCS value chains for UK-based CO; removal from
the atmosphere is the central case study investigated in this contribution. However,
the framework is applicable to any region with identified CO; storage and CO, removal
targets, and we further extend this work to present a series of thought experiments
describing optimal supply chains were also determined to meet US and China-specific
carbon removal targets, in Georgia and the Shanghai region, respectively. In a first
thought experiment, we used the MONET framework to determine the optimal com-
bination of feedstock type, region, land type, and transport route to a given region to
remove CO;, with a fleet of 500 MW UK, US and China-based pulverised combustion
power plants, in conjunction with CO; capture and storage.

The remainder of this section introduces the role of multi-criteria optimisation in value

152
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chain design. Section presents the different optimal BECCS value chains to min-
imise either the total water use, land use and biomass use in selected regions. Section
6.3 investigates the trade-offs between these different environmental indicators, while
section6.4] investigates the sensitivity of these indicators to the availabilities of marginal
land and crop residues. Finally section [6.5] further investigates the relationship between
the two services provided by BECCS — carbon dioxide removal and energy production
— by highlighting the trade-offs between BECCS environmental performance indicators
and energy production service.

6.1.2 Biomass supply chain design is a multi-criteria optimisation prob-
lem

Cost-based optimisation is a common approach in the field of supply chain design. In
a study by Tagomori et al., the authors investigated BECCS potential in Brazil by de-
termining the cost-optimal CO, transport network, with CO, captured from biogenic
sources [254]. Akgul et al. studied the optimisation of BECCS at the process scale,
by determining the BECCS optimal technological pathway for power generation [27].
Through a pareto-front analysis, trade-offs between the cost and carbon intensity of
the system were examined. Other studies have looked at spatially-explicit cost-optimal
BECCS deployment pathways in South Korea [255], France [22] and the US [140, 256].
However, owing to the range of potential environmental impacts associated with BECCS,
as well as services provided — power generation and carbon dioxide removal, BECCS key
performance indicators (KPls) are necessarily highly diverse. BECCS value chain opti-
misation is therefore inherently multi-objective, and by focusing either on cost, or on
the trade-offs between economic and environmental performance, one could easily cloud
the complex interactions existing between BECCS environmental impacts. In their work,
Heck et al. presented a global land and biomass optimal allocation model for BECCS via
B2H2 and B2L, in which the weighted sum of BECCS environmental impacts — freshwa-
ter use, forest loss, biosphere integrity and biochemical flows — resulting from achieving
a fixed biomass harvest objective, was minimised. The results highlighted trade-offs
between bioenergy production and negative emissions potential, as well as freshwater
use and forest loss [79]. However, the difficulty with preference-based optimisation is
that the optimisation results obtained are highly dependent on the values attributed
to the weights, thus on the relative importance of each objective, which can be highly
region specific. Furthermore, whilst the model carefully considered planetary bound-
aries and regional biomass production potential, BECCS downstream logistics, such as
biomass processing and transport to potential CO, storage, were not included. This
contribution thus addresses this gap via the development of a biomass supply chain op-
timisation model which explicitly accounts for biomass processing, transport and use in
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the vicinity of CO» sinks, and investigates the trade-offs between BECCS KPlIs through
pareto-analysis.

6.2 Optimal biomass supply chain in the water-land-carbon
nexus

In a first instance, this section presents different insights from the optimisation of the
biomass supply chain required for BECCS to remove 50 Mtcq, /yr in the UK, under three
different objective functions — water minimisation, land minimisation, and CO; efficiency
maximisation, considering only DEC on MAL (impact I). To illustrate that the modelling
framework can also be applied to meet other regional targets, this section includes the
BECCS optimal supply chains required to meet US and China carbon removal targets,
by storing CO; in southern USA, and in Eastern China, respectively. Figure[6.1] presents
the selected regions, ports, as well as marginal land use density in each cell (fraction of
the total land used by BECCS), biomass pellets transport fluxes (arrows) and amount
of net CO;, removed per region for each objective function, in the median scenario, to
meet a UK target (black arrows). The coloured arrows illustrate how these optimal
value chains may change as the location of the BECCS facility and CO, storage, and
therefore the biomass transport distance, changes for the US (purple arrows) and China
(blue arrows).

A first conclusion in that the structure of the optimal BECCS value chain changes
substantially depending on which metric is prioritised. Under the water minimisation
scenario, represented in Figure[6.Tj, factors such a climate conditions, precipitation and
yield play a central role in the water performance of each combination. In spite of
substantial road and sea transport distance, regions from western and central Brazil are
selected, owing to their combination of low carbon intensity of their electricity and high
biomass yield, which highlights the strong trade-offs between transport and other supply
chain parameters. As seen in Figure [6.1b, when minimising land use, yield and supply
chain emissions have a strong impact on the results, and productive coastal regions
from Brazil are selected. Similar results are obtained in the CO, efficiency maximisation
scenario (Figure [6.1c), though domestic biomass is also selected in the balance to
minimise CO, leakage from transport. When changing the CO; storage location from
the UK to Georgia (US) or Shanghai (China), the change in biomass transport distance
significantly changes the optimal configuration in the carbon efficiency maximisation
scenario, in which biomass transportation represents an important share of the overall
CO; leakages along the chain. However from a water and land minimisation perspective,
the optimal regions do not change significantly, which further confirms the low weight
of ship transport distance as compared to other more prevalent factors, when it comes
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Figure 6.1: Optimal biomass supply chain to minimise global water use (a), land use (b) and CO,
efficiency (c) in the median scenario to meet a 50 MtCO;/yr removal target in three different
regions - UK (black), Georgia (Purple) and Eastern China (blue). The arrows represent the
biomass fluxes transported to the BECCS plant/CO, storage area of the matching colour, while
the clouds present the share of removal achieved with each biomass supply. There are strong
trade-offs between the resource efficiency indicators: water increases threefold from the water
minimisation to the CO, maximisation scenario. Overall, biomass from regions with higher
yield, lower grid carbon intensity and higher precipitation is chosen over indigenous biomass.
Changing the storage location from the UK to Georgia or Shanghai brings significant changes to
the optimal configuration in the CO, maximisation scenario, where transport plays an important
role, but limited changes to the water and land minimisation configurations.

to resource conservation.

These results were also found highly dependent on the model input data, which can be
observed in Figure and As regional yield, fertiliser use, and carbon footprint
of the electricity change from the median to the optimistic scenario, thereby decreasing
regional pellets’ water and carbon footprints, other regions such as northern Europe are
selected in the water minimisation scenario. In the land minimisation scenario, miscant-
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Figure 6.2: Optimal biomass supply chain to minimise global water use (a), land use (b) and
CO; efficiency (c) in optimistic scenario.

hus from the US east coast and southern Europe is selected. This is highly dependent
on the yield range considered for each region. In the CO, efficiency maximisation sce-
nario, a balance of miscanthus from UK and Brazil are also selected in the optimistic
and pessimistic scenarios. The trade-offs between these resources can be assessed by
evaluating the total land use, water use, and biomass use under the three optimisation,
which are also represented in Figure[6.1] It is observed that water use, and to a smaller
extent land use and CO; efficiency, are highly dependent on which metric is optimised.
Water use increases threefold in the CO, maximisation scenario, as compared to the
water minimisation scenario. CO; efficiency and land use variations are less important:
regardless of the optimised metric, land use remains within 1.8-2.8 Mha for all scenarios,
and CO; efficiency, within 48-54%. The trade-off between CO, efficiency and land use
is less extreme: in the pessimistic scenario, the supply chain required to minimise the
land use is the same as the one required to maximise the CO; efficiency. The structure
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Figure 6.3: Optimal biomass supply chain to minimise global water use (a), land use (b) and
CO, efficiency (c) in pessimistic scenario.

and the resource efficiency of BECCS optimal value chain are therefore very dependent
on the objective function and parameters such as yield, fertiliser rate, climate and grid
carbon intensity. Accurate weighing of each metric is required to determine an optimal
biomass supply chain which reconciles all three metrics. Understanding which mecha-
nisms might influence such decisions is therefore key to deploy BECCS optimally. Access
to accurate data for the key model input parameters is also crucial.

6.3 Trade-offs within the water-carbon-land nexus

Trade-offs between the objective functions were quantitatively evaluated using the e-
constraint method, and pareto-fronts between each objective functions were generated.
Figure [6.4] shows the pareto curves between fi, f, and f3 in the median, optimistic and
pessimistic scenarios.
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Figure 6.4: Pareto lines between water use, land use, and CO; efficiency, in the median scenario.
There are strong trade-offs between water use and the other two objective functions. However,
the trend of the pareto lines for these two relations ((a) and (b)) indicate the presence of tipping
points which could reconcile the different objectives. CO; efficiency decreases marginally when
land use increases, showing the proximity of these two optima.

As discussed in section [6.2] the pareto lines in Figure indicate a strong trade-off
between water use and the two other objective functions. When minimising water use,
as total land use in constrained from 2.05 Mha to 1.85 Mha, water use increases from
5 to 13 Bm3/yr. Moreover, as carbon efficiency is constrained from 48% to just under
54%, water use increases threefold. However, the shape of the pareto lines indicate the
presence of tipping points: beyond 1.95 Mha and 50.1% efficiency, the rate of increase
in water use significantly increases. In the case of land use against CO; efficiency, it is
difficult to identify a tipping point, as the relationship is linear. However, the variation
of the CO, efficiency is very limited for a given variation of land use, which shows that
the optimal points are closed for both optimisation scenarios. This analysis shows the
complex interactions between BECCS resource efficiency indicators. Deploying BECCS
such that each indicator is maintained close to the tipping point, rather than optimised,
could be a preferred option to maximise BECCS overall resource efficiency.
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6.4 Sensitivity analysis

6.4.1 Limiting supply

As pointed out in the introduction, reliably quantifying the availability of marginal land
is complex owing in part to the diversity in definitions, methodologies and datasets used.
In 2013, Fritz et al. downgraded Cai et al. lower bound estimates by 69%, bringing the
total marginal land availability from 320 Mha to 98 Mha [115]. Whilst the availability of
agricultural residues can be evaluated with more certainty, determining which fraction of
the residues is both recoverable from the field, and used for bioenergy without competing
with other uses — for example soil enriching or fodder, is not straightforward. In a
recent study on biomass production potential from Brazil [257], the author evaluated
the harvestable proportion of agricultural residues to be below 50%, and the proportion
of harvested resource available for bioenergy, below 10%. Owing to this complexity,
we use this section to study the impact of constraining the availability of marginal
land and agricultural residues on the total land use and total land use change in our
various scenarios. Figure [6.5] shows the evolution of the total land use fLU in the
land minimisation scenario, and the total land use change tLUC for the three objective
functions, as a function of marginal land and crop residues availability, in the impact
scenario Ill. Figure shows that the availability of residues plays a first order role
in the system’s total land use. When it is limited to 20%, total land use increases by
several orders of magnitude. This can be explained by the fact that no land use at the
field level, nor CO; emissions from farming, except from the additional fertiliser cost
resulting from the removal of the residues from the field, were attributed to agricultural
residues, as opposed to dedicated energy crops. As a grey water footprint is attributed
to crop residues because of this additional fertiliser use, water use is decreased to a
smaller extent. As far as land use change is concerned, when minimising land use and
maximising the CO, efficiency, land use change only occurs when AR availability is
limited below 20%. When minimising water use however, land use change can be high
even in high marginal land availability. Though land use change results in higher lifecycle
CO; emissions, as long as the the water consumption per CO, removed is still attractive,
bioenergy crops planted on former cropland and grassland may still be preferable in the
water minimisation scenario. This indicates the presence of trade-off between carbon
removal and water use.

To provide further insight into this emergent behaviour, Figure illustrates the evolu-
tion of BECCS optimal value chain in the water minimisation scenario at 0% residue use
availability, and constraining marginal land availability from 100% to 10%. As marginal
land availability decreases, it is interesting to see that the same regions from Brazil are
used, but both the amount and proportion of grassland and cropland used increase, as
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Figure 6.5: Total land use in the land minimisation scenario (a), and land use change in the
water minimisation (b), land minimisation (c) and CO; efficiency maximisation scenarios, in
impact scenario Ill. Residue availability has a first order impact on BECCS total land use. When
minimising land use and maximising the CO, efficiency, land use change only occurs when AR
availability is limited below 20%. When minimising water use however, land use change can be
high even in high marginal land availability: there is a greater trade-off between carbon removal
and water use.

well as the land use density. Other regions that had not been selected before, such as
China, also start appearing in the results when land availability is drastically constrained,
supporting the conclusion that the nearest regions are not necessarily the optimal regions
from a water perspective.

This study has provided insight into the important trade-offs between BECCS resource
efficiency and economic-environmental impacts. It was shown that using agricultural
residues could drastically relieve BECCS pressure on land use. In order to obtain the
same result while avoiding competition with other uses of agricultural residues, using
high productivity-high carbon content biomass such as algae, could be a promising alter-
native [84]. A second important trade-off exists between water use and land use change:
minimising water use for BECCS might result in high land use change, particularly when
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Figure 6.6: Evolution of BECCS optimal value chain in the water minimisation scenario at 0%
AR availability, and constraining marginal land availability from 100% to 10%.

the availabilities of marginal land and crop residues are constrained. This conclusion
builds upon the previous contribution of Heck et al., where this potential compromise
was first alluded to [79]. This further confirms that myopic focus on the trade-offs be-
tween BECCS environmental and economic performance is, at best, incomplete: there
are complex interactions within BECCS environmental trade-offs which must be under-
stood in order to deploy BECCS in a genuinely environmentally and ecologically benign
manner.
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6.4.2 Ramping up the carbon removal target

Whilst the UK projected a 50 MtCO, /yr target by 2050 in 2018, it is conceivable that
more CO, might be stored in the UK for two reasons: 1) The UK's own target is likely
to reach higher level — 130 MtCO;/yr — with the adoption of the economy-wide net
zero target by 2050 [244], and 2) as regional storage availability is limited, other regions
could be willing to store CO5 in the UK as well. As a thought experiment, we investigate
how ramping up the targeted amount of CO; to be stored in the UK impacts the key
performance indicators of BECCS value chain under the three optimisation and impact
scenarios. The resulting water use under the water minimisation scenario (a), land
use under the land minimisation scenario (b), CO, efficiency under the CO, efficiency
maximisation scenario (c), and total land use change in all three optimisation scenarios,
in the impact scenario Ill, are presented in Figure[6.7]
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Figure 6.7: Minimal water use (a), minimal land use (b), maximal CO, efficiency (c) under
impact scenario | (DEC on MAL), Il (DEC on MAL and AR) and Ill (all land types, all crops)
and land use change in impact scenario |ll under the three optimisation scenario (d).

Two insights can be derived from this thought experiment. First, the median world
scale carbon dioxide removal can only be met in the impact scenario Ill, i.e., when

BECCS is deployed on all types of land and using crop residues in addition to dedi-
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cated crops. As observed in Figure [6.7] by limiting bioenergy sourcing to dedicated
energy crops from marginal land, up to 3.25 Gtco,/yr can be removed by deploying
BECCS and storing the CO; in the UK (a). Adding residues (b) — wheat straw in this
study, only marginally increases BECCS carbon removal capacity, which reaches 3.5
Gtco,/yr. Naturally, expanding the MONET framework by implementing other regions
— Africa, Russia, Indonesia, Australia, in MONET, as well as climate-tailored biomass
crops and agricultural residues would increase this carbon removal potential and nuance
this statement, but this shows the potentially negative economic-environmental impacts
associated with BECCS deployment at the gigatone scale.

Secondly, resource mobilisation and land use change increase exponentially with the CO;
removal target. Removing 12 Gtco,/yr would require at the minimum 5,700 Bm? /yr,
930 Mha, and producing at the maximum 35 TJ/yr (net) at a maximum CO, efficiency
of 33%, which, for comparison, is in the upper range of BECCS resource use in the
literature. Smith et al. evaluated a land requirement of 380 — 700 Mha, and a marginal
water requirement, as compared to the water consumption of a counter factual scenario,
of 720 Bm? to meet a 12 Gtco,/yr target [36]. In Heck et al., removing 5 Gtc/yr with
bioenergy, resulting in a net removal of 8 to 10 Gtco, /yr depending on the CO; efficiency
of the process, requires between 1,000 and 4,000 km? of blue water use (no grey water
considered), depending on the weighting of the objectives in the objective function [79)].
This shows that though more CO; storage might be available in the UK, there is a limit
beyond which CO, storage in the UK is no longer efficient, which confirms the need for
multi-polar systems when deploying negative emissions at the gigatone scale.

6.5 Energy production or resource conservation?

In the final section of this paper, we focus on the technical element of the trilemma,
i.e., BECCS net electricity production potential. Figure[6.8] presents the total water use
(a), land use (b), CO; efficiency (c), net electricity produced (d) and land use change
(e) in the four optimisation scenarios, in the impact scenario .

It is observed that energy maximisation presents much stronger trade-offs with the other
metrics: water use, land use and land use change increase fivefold, and CO; efficiency
decreases by 13 efficiency points, when maximising electricity production. This can be
explained by the fact that, in order to maximise electricity production at a fixed CO,
removal target, the ratio of energy production per amount of CO; removed needs to
be maximised. This leads to the selection of regions featuring a high net electricity
production, and/or a low net CO; removal, i.e., in the latter, regions that are inefficient
at removing CO; from the atmosphere. This results in a high water use, land use
and low carbon efficiency. Another interesting insight from this analysis is that in the
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Figure 6.8: Total water use, land use, and CO; efficiency, in scenario |, and land use change
(scenario 111) under four objective functions, in the median, pessimistic and optimistic scenarios.
Energy maximisation presents much stronger trade-offs with the other metrics: to maximise
energy the ratio of energy production per CO; removed needs to be maximised, which results in
a high water use, land use, low carbon efficiency and land use change. Only focusing on energy
production and negative emissions is detrimental to BECCS environmental performance.

pessimistic scenario, the system cannot be net electricity positive.

All of these results highlight the strong trade-offs between net electricity production and
CO,, efficiency, which is consistent with what we observed in Chapter|§|, and with other
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studies in the literature [49, 74} [79]. In these studies, it was shown that BECCS services
— CO; removal and electricity production — mutually exclude each other. However,
this contribution takes the analysis further by showing that the duality is not only
between electricity production and CO; removal, but for a given CO, removal target,
between electricity production and BECCS land use, water use, CO, efficiency and land
use change. One should therefore consider all of BECCS' KPIs when designing its
supply chain, as focusing only on BECCS main services — CO; removal and electricity

production — can ultimately counteract the ostensible positive environmental impact of
BECCS.

Taking this point further, one can postulate the existence of a global BECCS supply
chain which can satisfy both BECCS' energy production objectives and resource use
constraints. Annual negative emissions requirements between 1.8 to 9.9 Gtco, by 2050
have been predicted by integrated assessment models in order to maintain a 2°C tra-
jectory, with median values around 7 Gtco,/yr [37, [79]. Projections of primary energy
delivered by BECCS in 2050 can be found between 35 and 120 EJ/yr depending on the
scenario, with an average around 80 EJ/yr [11, 258| 259]. By removing 50 Mtco, /yr
in 2050, the UK would therefore be contributing to approximately 0.7% of the world
CO; removal target. Assuming that the UK would remove CO; efficiently from the
atmosphere, only 0.7% of the world marginal land available could therefore be mo-
bilised to meet the UK CO; removal target. Using the 390-1,107 Mha from Cai et al.
[114], the UK could therefore reasonably use up to 2.2-7.8 Mha of marginal land. By
this contribution to global negative emissions, the UK should also theoretically supply
570 PJ/yr of primary energy, or generate approximately 170 PJ/yr of electricity. The
droplets on Figure [6.9] represent the total electricity generated tE for different land con-
straints, under the energy maximisation scenario. Land use is separated in three zones:
the 'safe’ zone in green, where land use is constrained to 2.2 Mha, the uncertainty zone
in yellow, where land use is constrained under 7.8 Mha, and the forbidden zone in red.
The system’s total water use is represented by the colour scale, and the total biomass
use, by the size of the droplets. Energy production in the water, land and biomass
minimisation are also represented for comparison by the triangles.

Figure [6.9) shows that, even while maintaining the total land use in a 'safe’ zone (i.e.,
inferior to 2.2 Mha), BECCS electricity production objective is met; the markers are
outside of the grey area. Though maximising energy production drastically increases
water, land and biomass use, it is nevertheless possible to reconcile BECCS energy
generation objective with land use constraints. Similarly, the triangles representing the
water, land and CO; efficiency minimisation and maximisation are also located in, or
close to, the safe zone. Though there may be strong trade-offs between these resource
efficiency indicators, they are all compatible with a safe land use. It is however worth
noting that the same may not be said about other resources such as water, which
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Figure 6.9: BECCS total electricity generated under different land constraints, in the energy
maximisation scenario (droplets), and the water, land and CO; efficiency minimisation and
maximisation scenarios (triangles). Water use is represented by the colour scale, and biomass
use, by the markers’ size. Even when land use is constrained to a 'safe’ value (green zone), the
UK electricity generation objective consistent with a 50 Mtco, /yr target is met.

remains on the critical path to BECCS deployment.
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6.6 Preliminary conclusions and discussion

In this chapter, we have identified the complex interactions existing between BECCS
technical and environmental performance indicators. Assessing BECCS systems from
a marginal cost per ton of CO; removed would therefore be incomplete. In particular,
the strong trade-offs between water use and land use change, as well as between energy
production and all of BECCS impacts, showed that one cannot optimise these systems
from the perspective of a unique environmental impact. A sustainability standard which
does not only regulate biomass maximum carbon intensity, but also BECCS water, land
and CO, efficiencies, as well as land use change, will be required to ensure that BECCS
is deployed within sustainable boundaries.

Growing perennial grasses on marginal land, whilst sustainable, might not be practi-
cal [260]. Actively engaging and incentivising all stakeholders of BECCS value chain,
including farmers, will be crucial in unlocking BECCS deployment.

Furthermore, in meeting a regional carbon removal target, the prevalence of imported
biomass in the optimisation results highlighted the predominance of parameters such as
yield, CO, intensity of electricity, and climate data, over transport distance. Regions
with good compliance with these parameters were repeatedly selected regardless of the
CO; storage location. One implication of this is that BECCS policy frameworks will
need to consider the logistics, and negative emissions accounting of a system where
regions meet their carbon removal target with imported biomass. Another implication
of this is, were CO, storage to be available in regions providing sustainable biomass,
for example Brazil in this case study, a potential important share of the world carbon
removal target could be achieved by a 100% Brazilian BECCS value chain. How much
of the world carbon removal target could be met with this value chain, as well as the
potential environmental and economic trade-offs between local and international value
chains, are important research questions to tackle. If we take this thought experiment
further in the context of meeting a global CO; removal target, it is conceivable that
a region A meets its target using biomass feedstock from a region B to store CO; in
a region C. Integrating the multi-polarity of negative emissions in the design of policy
frameworks will likely be a crucial policy challenge for BECCS.

In the next chapter, we explore how these optimal BECCS value chains evolve in the
context of meeting global CO; targets.



Chapter 7

Cost-optimal and sustainable
BECCS deployment to meet
global targets

7.1 Introduction

7.1.1 Objectives of this chapter

Whilst distinct in terms of economies and climates, China, India, USA, Brazil and the
EU, according to IAMs, could be instrumental in deploying BECCS [261], 262]. In this
Chapter, we explore the cost and resource optimal deployment of BECCS, and its evolu-
tion over time, under different cooperation and CO, storage availability scenarios. Our
objectives are to (1) identify regional drivers of BECCS cost-optimal and sustainable
deployment, and how it evolves overtime, with an evolving CDR target, changing energy
system, and depletion of storage sites (section [7.2)), (2) quantify the value of interna-
tional collaboration on BECCS ability to deliver on climate targets at the lowest cost
(section , and (4) explore the sensitivity of these results to regional CO, storage
availability (section . The remainder of this introduction provides background on
ways to allocate global targets to different regions, and BECCS cost evaluation in the
literature.

7.1.2 Regional allocation of BECCS deployment

Peters and Geden et al. summarised BECCS optimal deployment across four |1AMs,
and show that China, USA, the EU, Brazil and India would provide alone between 33

168
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and 65% of total CDR via BECCS [262], with on average China providing the highest
share, followed by the USA, India, the EU and Brazil. It is however not clear that
optimal deployment of BECCS (economic or otherwise) coincides with what regions
can sustainably do (resource wise), nor with what they should do in terms of national
climate targets.

For a range of bio-geophysical and socio-political reasons, not all regions are equally
endowed in their ability to sequester CO, and produce biomass sustainably. For example,
North America, Latin America, and Russia have been identified as regions with high
potential for the production of energy crops on set-aside land [263] 264]. Whilst global
CO; storage capacity is generally not considered as a bottleneck, regional assessments
substantially vary in capacity and in reliability. Whilst the USA boasts over 8,000
GtCO; of storage with a 75-100% confidence, only 50 GtCO, have been identified in
India, with a 56-75% confidence [41]. Futhermore, key IAMs assumptions including
regional BECCS cost, carbon balance, as well as land and CO; storage availabilities
remain relatively opaque [94]. For instance, 130 GtCO, of BECCS is deployed in India
in some scenarios [262], which significantly exceeds current assessments of available
CO; storage capacity in that region.

In addition to determining how much BECCS can be done in each region, in order to
inform decision making, it is equally important to provide insight into how this CO»
removal burden might be equitably distributed between a range of actors who are indi-
vidually at different stages of development. The equitable allocation of carbon budgets
is key in establishing the Nationally Determined Contributions (NDCs), and is a field
of active research [262, [265] [266]. Burden sharing principles based on responsibility or
inertia (present or historical CO, or GHG emissions), capacity (gross domestic product)
or equality (population) have been proposed, but thus far no single principle has been
unanimously agreed upon. A blended approach — for example weighting both population
and emissions in the same equation [265] — provides an alternative, though 'fair’ weight-
ing factors are equally difficult to determine. What is already complex in the context of
allocating emissions is even more so with carbon dioxide removal. A determining factor
of this allocation will be whether CO, removal is done to a) offset past and residual
emissions after maximum emissions mitigation efforts, or b) to compensate for today's
lack of action and increasing emissions.

A prerequisite of these considerations is that climate change is globally tackled in a
cooperative environment. Cooperation as a condition for effective climate change mit-
igation has been extensively discussed [267H270]. A common cooperative approach is
that of 'climate clubs’' [269], which are part of the wider category of 'public good’ or
'voluntary’ clubs. A climate club can be defined as a group of countries — typically
smaller than the UNFCCC — that actively cooperate to reduce damages induced by
climate change through international agreements (e.g., an international carbon price),
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and entice/maintain country membership through a set of club 'goods’ or members-
only incentives (e.g., bilateral emissions trading or know-how exchange) [269]. Whilst,
in principle, climate clubs involve all approaches to combat climate change, including
mitigation, adaptation and removal, most of the literature focuses on climate change
mitigation [269)]. Studies have quantified the gains and identified the optimal structure
of these climate clubs both at the global level [268, [270] and the state level (for example,
cooperation between US states in Galan-Martin et al. [267]). As far as CO, removal is
concerned, cooperation between countries is only mentioned in the context of research
collaboration for advancing CCS, at the global scale [271] or the European scale [272].
However, there are inherent differences between the economic systems and enabling
policies that deliver conventional mitigation and those that deliver carbon removal [8].
Both cooperation and collaboration involve countries working towards a common goal,
but collaboration involves the creation of a physical output, through active exchanges
between countries. Whilst mitigation can be done more effectively through cooperation
alone, owing to the uneven distribution of key resources (e.g., CO, storage or biomass),
delivering large scale atmospheric removal of CO; is likely to require active collaboration.

7.1.3 BECCS cost in the literature

BECCS cost can vary significantly as a function of the technology, region and feedstock
cost. In a recent review by Fuss et al., BECCS costs in the literature could be found
as low as $17/tC02EI and as high as $446/tCO, [103]. BECCS pathways involving
gasification ($33-83/tCO;), or fermentation ($22-195/tCO,) are typically cheaper than
ones involving combustion of the biomass (98 to $321/tCO;), which can be explained
by the lower cost of pre-combustion CO, capture or capture from fermentation, as
compared to post- or oxy- combustion capture.

There are however significant overlaps between each technological route, and uncer-
tainty ranges can be explained by different assumptions regarding counterfactual sce-
narios, feedstock cost, plant capital cost (CAPEX) and choice of boundaries for the
cost and CO; balance. A significant amount of costs in the literature are presented
as avoided costs, i.e., the cost of the BECCS process (absolute or relative to an un-
abated technology) per ton of CO, avoided as compared to an unabated counterfactual.
Abanades at al. calculates the cost of BECCS oxy-combustion plant with calcium loop-
ing to be between $41 and $83 per ton of CO, avoided as compared to a coal plant
[273]. In Sanchez et al. the cost of CO, avoided of a BIGCC plant varies between
$69/tCO, when a coal IGCC plant is considered as the counter factual, and $85/tCO,
when a natural gas plant is considered as the counterfactual [274]. Whilst these values

LAIl cost data is in 2018%
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are relevant when comparing different decarbonisation technologies, there are not useful
when comparing different carbon dioxide removal technologies.

To compare different dioxide removal technologies, calculating the absolute cost of CO,
removal (i.e., not inclusive of power generation revenues, or relative to an unabated
counterfactual) is more insightful. However, the amount of CO; captured at the plant
does not necessarily coincide with the amount of net CO; removal, when accounting for
upstream supply chain. When accounting for the whole emissions, the amount of CO;
removal can be much lower than the amount of CO; physically captured at the BECCS
plant, which results in the cost of CO, removal being higher than cost of CO, captured.
In Laude et al., the cost of BECCS via bioethanol increases from $51-154 /tCO, when
only CO, from fermentation is captured (case A), to $231-256/tCO, when CO, from
an auxiliary boiler using residual biomass (case B). However, a carbon balance on the
whole value chain performed in this study shows that case A is actually not carbon
negative when including the feedstock upstream emissions, and case B is only slightly
carbon negative [275]. The cost of CO, removal would therefore actually be infinite
in case A, and higher than $231-256/tCO; in case B, which would be consistent with
other CO, removal costs assessments for the same technology including value chain
GHG emissions, which were evaluated between $260 and $432/tCO, [44]. Similarly,
in Johnson et al., the cost of BECCS increases from $22-43 per ton of CO, captured,
to about $260-270/tCO, per negative emissions generated [I140]. In Ranjan et al. a
sensitivity analysis on BECCS avoided cost to upstream emissions is performed, and
BECCS cost increases from $173/tCO, with no upstream emissions, to $460/tCO,
when upstream emissions account for 60% of the CO, captured at the power plant
[241].

Lastly, regional factors likely to directly impact BECCS cost are the capital cost of the
BECCS plant, and the biomass feedstock cost. Among studies performed in a European
or UK context, some CAPEX assumptions/calculations for BECCS power plants can be
found as low as $1,700-2,740/kW [276, 277]. In Yi et al., it is assumed that adding CO,
capture to a biomass plant only results in a $56/kW CAPEX increment, as compared
to the $1,524/kW CAPEX increment between an unabated coal plant and a coal plant
with CO; capture [276]. At the other end of the cost range, more conservative CAPEX
values for BECCS power plants can be found around $5,940-6,280/kW [278, [279], with
cost reductions assumptions by learning and economies of scale resulting in costs around
$3,880-4,630/kW [278|, 279EI. In the IEA 2016 World Energy Outlook cost assumptions,
CAPEX values for Europe and the US are significantly higher ($3,722-6,380/kW) than
CAPEX values in China or India ($2,610-3,160/kW) [279]. This can be explained by
differences in cost of capital, material and labour between regions.

2The CAPEX of a BECCS power plant was calculated using the differential CAPEX between a coal
+ CCS plant and coal power plant, and adding it to the CAPEX of a biomass power plant [279].
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Another factor with a significant impact on BECCS cost is the biomass feedstock cost.
Factors such as electricity and fuel costs, material and fertiliser cost, and biomass yield
in the case of dedicated energy crop, result in a potential wide range of feedstock
cost. Whilst prices for baled corn stover in China can be found as low as $8/MWh
of biomass primary energy [280], miscanthus pellets production costs in the UK can
be found between $17 and $27/MWh [281]. Biomass feedstock cost also significantly
increase with transport, with the cost of imported wood pellets in the UK between
$37 and $52/MWh [278| 282]. Biomass feedstock cost is also likely to increase as the
bioenergy demand increases [44]. In a BECCS cost IEAGHG report, biomass feedstock
cost is projected to increase from $20/MWh when global bioenergy demand is only 4 EJ,
to $260/MWh if global bioenergy demand increases to 74 EJ. Projecting the trajectory
of BECCS cost over time is therefore not straightforward. Whilst technology learning
and economies of scale could bring down the capital and operating costs of BECCS over
time, the upward trajectory of biomass feedstock cost could cancel out/outweigh this
trend.

There is therefore a great deal of heterogeneity among techno-economic assessments of
BECCS when it comes to the following assumptions: 1) terminology/definition of the
cost results presented, for example per ton of CO, avoided as opposed to captured; 2)
counterfactual scenario chosen; 3) choice of boundaries to perform the cost balance,
in particular which stages of the value chain are included in the economic analysis; 4)
choice of boundaries to perform the carbon balance, in particular which supply chain
emissions are considered to calculate the net negative emissions potential as opposed to
the gross negative emissions potential of the process, and 5) critical cost assumptions
including feedstock costs and plant capital cost. These result in a great variation in
BECCS cost, and renders the comparison process from one study to another difficult.

7.2 Drivers of BECCS cost

7.2.1 BECCS cost in different regions

In order to explore the main drivers of BECCS cost, we first evaluate different supply
chain configurations, and quantify the total cost per ton of CO, removed in different
regions, using either local or imported biomass (Figure [7.1]).

Overall, factors such as the plant CAPEX, feedstock processing and transport, are
key drivers of BECCS cost. Whilst importing biomass from high productivity regions
can be preferable from a resource minimisation perspective [6], using local biomass
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Figure 7.1: BECCS cost per ton of CO; removed (bars), per ton of CO; stored (green diamond),
per MWh (purple diamond), and breakeven NEC (orange diamond) in Rio de Janeiro, Brazil
('BR’), Hainan, China ('CH'"), Georgia, US ('US’) and the UK ("UK’), using local or imported
("INtoCH’, 'BRtoUK, 'UStoUK") biomass. Using imported biomass can substantially increase the
cost of removal because of added cost and emissions of biomass transport. Cost variability (error
bars) is largely driven by feedstock yield. BECCS cost decreases over time primarily because
of CAPEX reduction, followed by reduced supply chain emissions due to decarbonisation of the
energy system. In countries with low cost of BECCS and high cost of electricity, the NEC can
become negative (e.g Brazil). (T&S = Transport and Storage)

consistently appears to be more cost effective, assuming these broader sustainability
aspects are treated as externalities. The cost of removal in each region varies as a
function of supply chain configuration. A key parameter impacting these variations is
the feedstock yield. In the UK, a high yield range has been noted for energy crops in the
literature [158|, [191), [283], which explains the wider error bar. This shows that improved
yield in the UK could bring BECCS cost close to that in other regions. Figure[7.1] also
quantifies the total cost per ton of CO, stored, which is distinct to the cost per ton
of CO;, removed, emphasising the importance of considering BECCS value chain GHG
emissions when evaluating BECCS cost. Importantly, as the energy system becomes
decarbonised, the gap between the cost per ton of CO; removed and the cost per ton
of CO, stored decreases.

If CO; removal is considered to be a common good, it is natural to assume that this
service could be directly rewarded. Akin to the carbon price which penalises emitters,
this incentive scheme could take the form, for example, of a negative emissions credit
(NEC) [8, [74] 284 285]. Figure also represents the levelised cost of electricity of
a BECCS plant, and the NEC required for the revenues from electricity generation and
CO; removal equates the total system cost, referred to as 'breakeven NEC' in this study.
In regions with low cost of BECCS and high electricity price (see Tables and
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in Appendix B} the NEC becomes negative (e.g., Brazil) in the second half of the
century. BECCS cost is thus found to be region specific, with obvious implications for
NEC trading.

7.2.2 BECCS deployment: where, when and how much?

In this section, we determine region-specific trajectories for the cost-optimal deployment
of BECCS over time, subject to biomass and land availabilities, water risk and CO,
storage capacity constraints, as well as an annual CO, removal target. Figure
illustrates cumulative biomass production (colouring) and CO, storage (markers) by the

end of the century, for a low (7.2a[7.2b) and high (7.2k[7.2d) biomass availability, and
a low (7.2p]7.2k) and high (7.2b[7.2d) CO, removal target.

At low targets, biomass is not a limiting factor and activity tends to be concentrated
near CO; storage sites owing to the high cost of biomass transport. BECCS is primarily
deployed in China and eastern US, whilst its deployment is limited in EU and Brazil,
and non-existent in India. For the EU, this can be explained by higher costs and low
availability of marginal land. For Brazil and India, it was considered that no or little CO,
storage was available in Brazil and India, due to lack of quantitative data (see Tables
[B.21] and [B.22]in Appendix [B]), which acts to limit BECCS deployment in these regions.
At higher targets however, most regions become crucial in reaching higher levels of
removal. BECCS is largely deployed in the EU, and biomass from regions with no/less
CO, storage (Brazil, India) is shipped to closest storage sites. This naturally leads to a
more expensive system, with a 57% increase in cumulative cost of removal (per tCO3).
Higher targets cannot be met only using energy crops on marginal land. When biomass
supply is limited in this way, a maximum of 176 GtCO, (4.3 GtCO,/yr by 2100) can
be removed between 2030 and 2100, compared to the target of 237 GtCO; (58% of
408 GtCOy, the P3 target). The target can only be met in the high biomass availability
scenario, when additional land (e.g., cropland, grassland or forests) is made available for
biomass production, in addition to crop residues. In this case, with an average cost of
electricity of $103/MWh, and an average BECCS carbon intensity of -0.91 tCO, /MWh,
the global breakeven NEC decreases back to $38/tCO,. The expansion of bioenergy
production on managed and natural land could, however, have unindented consequences
on the economy or the environment.

BECCS cost-optimal deployment also varies with the configuration of the biomass supply
chain (e.g., yield). Figure illustrates how cumulative biomass production, CO;
storage, and total cost of removal changes as a function of these choices.

Total cost of removal is found to decrease by 16-18% in the optimistic scenario and
increase by 26-27% in the pessimistic scenario, while the global breakeven NEC is found
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as low as $12/tCO; under a low target, and as high as $163/tCO; under a high target.
The structure of the supply chain, however, remains globally unchanged. This confirms
that our findings regarding the relative importance of each region in deploying BECCS
are robust.



CHAPTER 7. COST-OPTIMAL AND SUSTAINABLE BECCS DEPLOYMENT TO MEET GLOBAL

176

TARGETS

removal: 87 GtCO2
cost: $130/tCO2
NEC: $39/tCO2

(b)

removal: 176 GtCO2
cost: $204/tC0O2

NEC:$117/tCO2

(c)

removal: 87 GtCO2
cost: $122/tC0O2

NEC: $12tCO2

(d)

removal: 237 GtCO2
cost: $147/tCO2

NEC: $38/tCO2

e

Biomass Storage
<10 Mt o <1 Mt
<100Mt.<10Mt

<1Gt o100 Mt
=<10Gt @.1 Gt

Q<10 Gt

Esri, HERE, Delorme, Mapmylndia, ' OpenStreetMap contributors, and the GIS uSer community

2100

Biomass Storage
<10Mt . <1 Mt
<100 Mt 6 _ 10 Mt

<1Gt o.100Mt
=<10CGt @.1 Gt

Q<10 Gt

Esri, HERE, Delorme, Mapmylndia, ' OpenStreetMap contributors, and the GIS User:community

2100

Biomass Storage
<1OMt . _ 4 mi
<100 Mt o _ 10 Mt

<1Gt o, 100Mt
=< 10 Gt .<1Gt

Gt

Esri, HERE, Del.orme, Mapmylndia, ' OpenStreetMap contributors, and the' G\sﬁse]cgmmunmy

2100

Biomass Storage
<10 Mt o <1 Mt
<100Mt.<10Mt

<1Gt o100 Mt
=<10Gt @.1 Gt

O
Esri, HERE, DeLorme, Mapmylindia, ' OpenStreetMap contributors, and the GIS user Cng\GU$ly

Figure 7.2: Cost-optimal BECCS deployment in a low (a,b) and high (c,d) biomass availability
scenario, and for a low (a,c) and high (b,d) CO, removal target. Cumulative biomass production
is represented by the colouring of the cells, while cumulative CO, storage by the size of the
markers. At low targets, China and the US see most of BECCS deployment. Expanding biomass
production on other types of land enables to meet both targets at lower costs, but could have
unintended economic-environmental consequences.
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Figure 7.3: Cost-optimal BECCS deployment in the biomass supply chain sustainability opti-
mistic (a,b) and pessimistic (c,d) scenarios, for low (a,c) and high (b,d) CO; removal targets,
in the low biomass availability scenario. Cumulative biomass production is represented by the
colouring of the cells, while cumulative CO, storage by the size of the markers. The total cost
of removal is found to vary within 20% of the central scenario. The structure of the supply
chain, however, remains globally the same.
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7.2.3 BECCS cost curve

As shown in Figure [7.2b, BECCS average cost of removal can increase significantly
when BECCS deployment impinges upon planetary boundaries. BECCS cost curve at
the end of the century is represented in Figure[7.4] in a limited biomass scenario, for low
(7.4R) and high (7.4p) targets. To account for revenues from electricity generation, the
equivalent NEC cost curve is represented in Figures and [7.4d. The colour of the
dots indicates where the CO; is stored, while the coloured areas indicate cost ranges
and potential of alternative CDR methods. While we acknowledge that alternative
CDR methods might include biochar, enhanced weathering and land restoration, we
only represent representative costs of afforestation and direct air capture, as examples
of a natural CO; removal method (here afforestation) and a arguably more expensive
engineered CO, removal method which does not face the same resource constraints as
BECCS (here direct air capture).

At low targets, the cost of BECCS plants operating in different countries increases from
$100-110/tCO; removed in China, to $120-140/tCO; removed in the USA/EU. In or-
der to meet higher targets, biomass feedstock further from CO, storage sites is utilised,
thereby increasing feedstock supply chain emissions and cost. Whilst Figure [7.2] shows
that the average cost in this scenario is $200/tCO, removed, Figure shows that
increasing CO, removal targets leads to the mobilisation of BECCS configurations re-
moving increasingly marginal amounts of CO,, at a removal cost higher than $350/tCO,
removed, and up to $1,100/tCO; removed. To put these numbers in context, the cost
range and CO; removal potential of alternative CDR methods [103], afforestation and
direct air capture, are represented in Figure[7.4] BECCS cost curve is found to be higher
than afforestation and lower than direct air capture. When accounting for revenues from
electricity generation, the net cost of BECCS (equivalent to the NEC), is found to be
competitive with afforestation in certain regions. This implies that a portfolio of CDR
methods will be required, with the composition of this portfolio varying in time and
space. It is important to note that the cost and potential values used for afforestation
and direct air capture are estimates subject to the same case-to-case, and regional,
variability as BECCS. Additionally, the portfolio of CDR methods is not limited to these
three technologies, but also involves methods such as enhanced weathering, biochar
and ocean fertilisation. Further research exploring the co-deployment of different CDR
methods, under the same boundaries and set of assumptions, is required to determine
how much and where the deployment of each technology is best suited, if at all, and to
quantify and qualify the potential for synergies between different options.
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Figure 7.4: BECCS cost (a,b) and NEC (c,d) curves in 2100 with low biomass availability at a
low target (a,c) and a high target (b,d). When biomass is limiting, BECCS is no longer cost
effective, which indicates opportunities for alternative CDR methods (AR = afforestation, DAC
= direct air capture, cost data ranges from Fuss et al. [103]).
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7.2.4 Does electricity generation matter?

BECCS has the co-benefit of generating electricity in addition to removing CO, from
the atmosphere. The value of electricity is greatly dependent on the structure of the
electricity system, as well as the prevailing policy environment, and therefore robust
prediction of electricity prices is challenging. In this thought experiment, we assume
regional electricity prices remain constant over the century, and minimise the breakeven
NEC, with results presented in Figure [7.5]
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Figure 7.5: Cumulative biomass production (colouring) and CO, storage (markers) over time at
low target, low biomass supply, when minimising cumulative net BECCS cost. Due to higher
electricity prices, the EU plays a larger role, surpassing the US in terms of CO;, removal, than
when minimising total cost. With an average electricity price at $96/MWh and an average
BECCS carbon intensity at -0.93 tCO,/MWh, the NEC decreases to $34/tCO;.

It is observed that when accounting for electricity revenues in BECCS total cost, China
remains the main provider of CO, removal. However, a structural change in BECCS
cost-optimal deployment is that the EU provides more CO, removal than the US, owing
to higher electricity prices in the EU. The breakeven NEC decreases to $34/tCO;.
Considering the value of electricity generation, higher BECCS cost regions such as the
EU could play a more important role than might have otherwise been assumed.

7.3 CO, removal: cui bono?

Naturally, cost-optimal deployment might greatly differ from what a fair regional distri-
bution of the global CO; target might be. In the previous section, a global CO; removal
target was met in a cost-optimal and collaborative manner, regardless of the countries’
individual target. Some regions might be providing more or less CO; removal than they
ought to, effectively doing CO, removal on behalf of other regions, either because of
a higher cost, or a lack of resources. In the context of mitigation, certain groups of
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countries — EU Emissions Trading Scheme (EU ETS) is one example — are able to trade
emissions at a market-adjusted carbon price, effectively having countries abating emis-
sions on behalf of others. In a theoretical CO;, removal climate club, countries could
trade these negative emissions credits, effectively having regions removing CO; on be-
half of others. Other membership benefits could involve, for example, trading biomass
feedstock at preferential border tariffs. In this section, we attributed a CO, removal tar-
get to each region and calculated the CO; removal 'surplus’ or 'deficit’ of each region
(see section in Chapter [3)). Figure [7.6]shows annual levels of CO, removal surplus
and annual COz removal cost (right axis) under the four biomass availability/target

scenarios.
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Figure 7.6: CO; removal surplus (left axis) and annual CO, removal cost (right axis) in the
low (a,b) and high (c,d) biomass availability, and low (a,c) and high (b,d) CO, removal targets
scenarios. Regions with high CO, storage and high low cost biomass availability (e.g., China)
provides most of the CO, removal surplus across the century.

At low targets ([7.6) ,-c) BECCS total cost does not significantly increase over time,
which shows that CAPEX reductions of BECCS plants and decarbonisation of the en-
ergy system compensate for the increasing CO; removal target. However, the trend
shifts at higher targets (7.6p[7.61d) when biomass and CO, storage supply become ac-
tive constraints. An important conclusion is that countries with well distributed, high
capacity, CO; storage, as well as cheap biomass supply (China in this study) accumulates
significant surplus, thereby providing significant value to other regions.

The premise that a few countries may be doing CO, removal on behalf of others as-
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sumes that countries are allowed to trade negative emissions credits. Equally, some
scenarios rely on having countries or regions with low CO, storage capacity, but with
abundant biomass supply (Brazil in this study), send biomass to regions with high CO,
storage capacity, implicitly assuming biomass trading flows between regions. A lack
of 'collaboration’, by trading neither NEC nor biomass, could incur two risks: 1) un-
met CO; removal target 2) higher cost of removal. Figure explores the impact of
collaboration on these two dimensions, by representing the total cost of removal as a
function of cumulative CO, removal across the century, in different trading scenarios,
at low ([7.7p) and high ([7.7b) targets. Squares represent scenarios where NEC trading
is constrained, crosses where biomass trading is constrained, and diamonds where both
are constrained.
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Figure 7.7: Total cost of removal and cumulative CO, removal under full collaboration (circle),
negative emissions trading constraints (squares), biomass trading constraints (crosses) or both
(diamonds), for specific (colours) or all (black), under a low target (a) and a high target (b)
scenario. Without/with less collaboration, total cost of removal can increase by up to 14%, and
cumulative CO; removal by down to 65 GtCO,

At low targets ([7.7p), trading NECs has a first order impact on CO; removal and cost
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of removal. In a scenario without NEC trading, the global cumulative target is missed
by 14 GtCO,, and total cost of removal increases by 14%. Trading biomass however has
a lesser impact, and constraining biomass trading in addition to NEC trading further
decreases cumulative CO, removal by 1 GtCO,.

We can also quantify the individual impact of integrating a particular region in the
NEC trading market (coloured squares). In doing so, we see that different players
bring different value when trading NECs. A first category of players stand out as
'Independent providers’ (in red), i.e. regions with good storage availability, low cost
and low carbon biomass close to storage sites (e.g., China). Excluding these regions
from the collaboration leads to a much higher cost (here 19%) as they can no longer
provide surplus for other regions. Another emerging category includes the 'independent
beneficiaries’, i.e. regions with good storage and biomass availability but higher cost,
(e.g., EU and US). Excluding them from the collaboration leads to a higher cost if
excluded as they have to fulfil their own targets, but the target is still met. Finally the
"dependent beneficiaries’ are regions which are unable to meet their own targets due to
lack of storage (i.e., Brazil and India).

When targets are higher, and biomass becomes a limiting factor (7.7p), trading biomass
(x) has a much higher impact than trading NECs (squares). When biomass cannot be
traded, cumulative CO; removal decreases by 65 GtCO,. The value of players in trading
biomass also changes (coloured crosses). Regions with high biomass availability (i.e.,
Brazil and India) emerge as critical biomass providers: limiting the trade of Indian, and
to a greater extent Brazilian, biomass decreases total removal potential. In this scenario,
regions such as China are non-critical biomass providers: limiting the trade of Chinese
biomass slightly impacts the cost (1% increase) but does not compromise meeting the
target. Finally, regions such as the EU and US are non-critical biomass beneficiaries:
limiting the trade of EU and US biomass does not impact the cost nor the ability to
meet the target.

The value of different regions in trading negative emissions and/or biomass therefore
differs on CO, removal targets and which element — biomass or storage — is critical
and/or limiting in achieving these targets. Some regions can be alternatively providers
and beneficiaries, and in all cases, full collaboration leads to the highest chance of
meeting global targets at the least cost. Whilst international cooperation is required to
agree on regional responsibility to contribute to climate change mitigation and removal,
active collaboration between regions, is essential to meet global CO, removal targets.
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7.4 Sensitivity to CO, storage capacity

These results are highly dependent on assumptions as to how much CO, storage is
available in each region. In this section, we explore the impact of having more storage
in Brazil, and storage at all in India, on BECCS cost-optimal deployment Figure ,
and the value brought by each region to the collaboration (Figure [7.9).
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Figure 7.8: Cost-optimal BECCS deployment over time for a low (a) and high (b) CO, removal
target, in the high CO, storage capacity scenario. Cumulative biomass production is represented
by the colouring of the cells, while cumulative CO, storage by the size of the markers. With
COy storage available in all regions, Brazil, China and India become the key providers of CO,
removal. The global breakeven NEC is zero at a low target (a).

At low targets (P2), if storage is available in India and Brazil, India, Brazil and China
are the only regions providing CO, removal to minimise total cost. Total cost only
decreases by 6% as compared to when storage is limited in India and Brazil. As Brazil
provides a high share of the global removal target, the global breakeven NEC is found
to be zero. At higher targets however, total cost decreases by 32% as compared to the
base case scenario, and cumulative CO; removal potential increases by 14 GtCO,. The
value of players in trading negative emissions and biomass also changes with storage in
Brazil and India, which is represented in Figure[7.9]
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Figure 7.9: Total cost of removal and cumulative CO, removal under full cooperation (circle),
negative emissions trading constraints (squares), biomass trading constraints (crosses) or both
(diamonds), for specific (colours) or all (black), under a low target (a) and a high target (b)
scenario, when CO, storage in Brazil and India is available. Brazil becomes a critical provider
of negative emissions.

At low target (7.9p), the target is always met, except when neither negative emissions
nor biomass trading is allowed between countries. Trading negative emissions with the
EU becomes the larger cost driver, with the total cost increasing by 10% when the
EU meets its target alone (independent beneficiary). At higher targets (7.9p), Brazil is
a critical independent provider, with a cost increase of up to 29% when Brazil meets
its target alone, and a 9 GtCO; decrease in CO; removal. This shows the importance
of the availability of well distributed storage sites in lowering the cost of BECCS, and
identifying the critical players in delivering cost-effective CO, removal.
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7.5 Preliminary conclusions and discussion

In this Chapter, we elucidate the mechanisms behind cost-optimal BECCS deployment
and how it evolves over time, with an increasing CO; removal target, the depletion of
CO; storage sites and the decarbonisation of the energy sector. At low targets, when
bioenergy supply is not a limiting factor, the cumulative cost of CO, removal decreases
over time, which shows that decarbonisation of the energy sector and BECCS plant
potential capital cost reductions may outweigh a potential cost increase from scaling
up bioenergy production. At higher targets however, when reaching biophysical limits
in biomass supply, BECCS removal cost can increase past the $100-350/tCO, range,
which indicate deployment opportunities for potentially more expensive, but less water
and land intensive, carbon dioxide removal technologies (e.g., direct air capture). It
should be noted that these results are very sensitive to i) the amount of marginal/set
aside land considered in this study, which is relatively uncertain and likely to vary over
time, ii) the range of feedstock considered, which was limited to energy crops and wheat
straw, and could be extended to all forestry and agriculture residues, wastes and marine
biomass, iii) the burden sharing assumptions used to downscale the global target to
the cumulative target of Brazil, India, China, the EU and the US (see section in
Chapter [3), iv) the fact that regions with potentially large BECCS potentials relative
to their CO, removal targets (e.g., Africa, Russia, Canada) have not been considered
in this study. They however illustrate how pushing biomass availability boundaries can
increase the total removal cost via BECCS.

When accounting for the value of electricity, the structure of the cost-optimal BECCS
value changed, with the EU — with higher cost BECCS but also high wholesale electricity
price — playing a larger role than the US in delivering negative emissions. These ten-
dencies are naturally very dependent of the regional value of electricity, which is likely
to evolve as the structure of regional energy system changes. The value of electricity
will also greatly impact the incentives mechanisms required for BECCS systems to be
financially viable.

It was observed that storage availability in India and Brazil would qualitatively and
qualitatively impact BECCS cost-optimal deployment. This warrants for the need for a
better characterisation of CO, storage sites at the regional level, particularly in regions
which would are critical to meeting CO, removal targets at the lowest cost. This is
particularly true in a collaborative world, where critical providers of CO, removal meet
most of the world’s target on behalf of other regions, in order to minimise resource and
financial costs.

Finally, we quantified the value of critical regions collaborating within 'CO; removal
clubs' to achieve CO, removal targets. An important finding is that inter-regional
cooperation — in establishing regional targets — and collaboration — in trading negative
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emissions credits and biomass — are central to sustainably and affordably meeting these
targets, with important value creation opportunities for key providers of CO, removal.



Chapter 8

Conclusions

8.1 Conclusions and contributions made

In this dissertation, we have presented a modelling and optimisation framework of
BECCS full value chain, from biomass production to CO, storage, and applied it to
four case studies to answer the following questions: 1) Does BECCS deliver resource
efficient negative emissions?, 2) Does BECCS provide energy?, 3) What are the trade-
offs within BECCS resource nexus?, and 4) What are the geophysical and geopolitical
drivers of BECCS cost-optimal deployment? In this section, we summarise the find-
ings of the dissertation, and discuss the limitations of, potential improvements to, and
further research questions which could be explored with the MONET framework.

8.1.1 Does BECCS deliver resource efficient negative emissions?

In Chapter[4} the modelling tool was first used in order to calculate the water and carbon
footprints of a range of biomass fuels — miscanthus, switchgrass, willow, and wheat straw
— grown on different land types and imported from selected regions of the world. Among
energy dedicated crops, herbaceous biomass (miscanthus and switchgrass) were found to
be more sustainable with respect to the three metrics, mainly because of the lower yield
and higher moisture content of woody biomass. Overall, including direct and indirect
land use changes had the most important impact, accounting for over 50% of biomass
carbon footprint. Aside from land use change, important contributors to biomass carbon
footprint were biomass transport for low moisture biomass, and transport, chemical
input and processing for high moisture biomass. Drying and grinding energy costs are
physically bound by biomass properties. Other biomass processing practices such as
natural field drying, or torrefaction for grinding will have to be investigated to reduce
these inputs.

188
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Supply chain carbon, water and land footprints were implemented in the context of
a 500 MW BECCS facility to evaluate the impact of the biomass supply chain on of
the overall plant carbon intensity and water intensity. The results showed a substantial
impact on water and carbon intensities at high co-firing proportions. Including direct
and indirect land use changes had great impact on the power plant carbon intensity,
narrowing the range of operability for the power plant to be carbon negative.

A dynamic carbon balance was carried out over a 50-year period to evaluate a BECCS
powerplant carbon negative potential over its lifetime in different biomass-region-land
type scenarios. Depending on the conditions of the simulation, carbon breakeven time
could vary from 1 (marginal cropland) to 35 years (central grassland) for miscanthus
from Brazil, and from 6 to over 50 years for willow from Europe. Within the uncertainty
bounds considered for the input data, the key factors impacting the results were iden-
tified to be the land conversion factors, electricity carbon footprint, biomass yield and
moisture content. The investigation of alternative scenarios such as using carbon neu-
tral electricity, and organic chemicals, gave indications as to BECCS potential margin
of improvements. However, BECCS overall results were driven by land use conversion
factors, which indicate the need for thorough evaluations of these effects. Bypassing
this issue with biomass growth on marginal land could be a potential solution. VYet,
marginal land availability and uncertain biomass productivity response might not make
them long term candidates for BECCS large-scale deployment.

Given the variable outcomes of BECCS sustainability analysis, BECCS large scale de-
ployment was found to have very different implications in terms of resource mobilisation.
Based on the analysis on switchgrass and miscanthus, within a scenario excluding di-
rect and indirect land use changes, removing 12 GtCO;/yr with BECCS could annually
require between 360 and 2,400 Mha of marginal lands, 3,600 and 15,700 Bm? of water,
30 to 360 Gt of nutrients, and 1.7 to 2.9 TW of installed BECCS capacity. As a means
of comparison, the upper bounds of these values correspond respectively to over three
times the world total harvested land for cereal production, twice the world annual water
use for agriculture (including evapotranspiration), 20 times the US annual nutrients
use, and 1.6 times the world total coal-fired power plants capacity. This underlines the
challenges associated with the large scale deployment of BECCS, especially concerning
water and nutrients consumption.

Overall it was shown that over a plant lifetime and when choosing the right conditions,
BECCS can be a reliable option for the sustainable and permanent removal of CO,
from the atmosphere, even when including supply chain, direct and indirect land use
change effects. The high variability in BECCS CO; removal time and space efficiencies
in the model outcomes underpinned the need for case-to-case analysis when it comes to
BECCS sustainability assessment, especially for the determination of land use change
factors. Policy implications of this conclusion are that regulating and attributing value
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to these systems will have to integrate this regional specificity.

We have identified five key principles which could improve the sustainability of BECCS.
The combination of a sensitivity analysis on the model combined with the investigation
of alternate supply chain scenarios elucidated the following five key levers: 1) measur-
ing and limiting the impacts of direct and indirect land use changes, 2) using carbon
neutral power and organic fertilizers, 3) prioritizing sea and rail over road transport,
4) increasing the use of carbon negative fuels, and, 5) exploiting alternative biomass
processing options, e.g., natural drying or torrefaction. This indicates that regardless
of the biomass and region studied, BECCS sustainability heavily relies on intelligent
management.

8.1.2 Does BECCS provide energy?

With the case study presented in Chapter 5] we found that BECCS dynamic E;ROI
profile is strongly case specific. Depending on the scenario, we found that lifetime
E;ROI values could be found within the range of 0.5-5.7. This means that BECCS
electricity could be equally of 'negative value' to the energy system — negative energy
balance — as well as competitive with PV and decarbonised thermal power plants (coal
or gas with carbon capture and storage). Large-scale deployment of low E;ROI scenarios
without due consideration of this nuance could represent a risk to both energy security
and carbon dioxide removal, with a potential increase of fossil fuel use, and subsequent
CO; emissions, to compensate for BECCS net electricity negativity. Given that we have
shown that BECCS can be both carbon positive and negative (Chapter [4)) and both
energy positive and negative (Chapter , the scope for unintended consequences is
vast.

This case study also highlighted the main energy losses along BECCS value chain:
biomass conversion and CCS, followed by transport (road), drying, and farming (in-
cluding inputs) represented over 80% of the energy losses for high moisture and low
yield biomass such as willow pellets. Power plant efficiency, fuel efficiency for trans-
port, transport distance, moisture content, drying method, as well as yield were thus
identified as key parameters that need to be carefully controlled to maximise BECCS
net electricity balance. There are also important trade-offs between these levers. In
most cases, a greater travel distance from a region naturally resulted in a higher cu-
mulative energy demand of the value chain, therefore decreasing the EROI and E;ROI.
However, it was found that greater travel distances could almost be compensated for by
a reduction in energy requirement for farming, when importing biomass from a region
with superior yield. In summary, given the manifold contributions which determine the
net energy balance of BECCS, it is important to resist the temptation to draw broad,
general conclusions from a potentially narrow range of specific case studies.



8.1. CONCLUSIONS AND CONTRIBUTIONS MADE 191

Finally, we found that improving BECCS power generation efficiency could drastically
reduce BECCS energy losses, but would also increase the amount of BECCS installed
capacity required to meet an annual carbon removal target, and thus the financial
cost associated with meeting that target. There is therefore a clear trade-off between
BECCS annual carbon removal potential and power generation, and consequently be-
tween BECCS annual carbon removal potential and E;ROIl. As BECCS uniquely has the
potential to provide both carbon removal and electricity, a lower E;ROI could thus be
compensated by a higher annual carbon removal, and vice versa. BECCS value to the
system, as well as optimal deployment pathway, will therefore strongly depend on the
nature of the service for which BECCS is primarly deployed, carbon removal or power
generation.

8.1.3 What are the trade-offs within the BECCS resource nexus?

By highlighting the trade-offs between BECCS resource efficiency, environmental per-
formance and technical performance, Chapter [6] showed that the design of BECCS
value chain needs to be performed in the prism of all BECCS KPIs. Strong trade-offs
with tipping points were identified between water use and the other two resource effi-
ciency indicators in particular. How to build an objective function which reconcile all of
BECCS' KPlIs, while accounting for how BECCS performance may vary from one region
to another, is therefore a key research challenge to be addressed.

Another conclusion is that, factors such as yield, carbon intensity of power, and high
precipitation led to the selection of imported biomass over indigenous biomass. The
design of policy frameworks considering the carbon accounting implications of using
foreign biomass to store CO; in a given region, thereby meeting this region's carbon
removal target, are paramount to facilitate local BECCS deployment. What is already
complex at the megatone scale becomes manifold at the gigatone scale: how to regulate
systems where biomass is imported from a productive region A, CO; is stored in region B
with abundant storage, to meet the CO, removal target of a region C, is a key research
question to be investigated.

The availability of sufficient marginal land and agricultural residues were observed to
be of paramount importance to our results. However, it is also recognised that their
availability is controversial, at best. To provide insight into the impact of their respective
availability, a sensitivity analysis of the optimisation results to the availability of marginal
land and agricultural residues was performed. A first insight from this analysis is that
agricultural residues exerted a first order impact on BECCS land use; residues being
attributed low agricultural carbon and water footprints, total land use decreased by
several orders of magnitude when using agricultural residues. Assessing precisely how
much agricultural residues could be used for BECCS, without trespassing on other uses,
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could drastically relieve the pressure of BECCS on land use. A strong trade-off between
water use and land use change was also identified: when minimising water use, using
non-marginal land from low water footprint regions, and therefore causing land use
change emissions, was preferable to using marginal land from higher water footprint
regions. Water use and land use change being two critical sustainability indicators for
BECCS, one should therefore be careful with potential direct and indirect land use
effects when deploying BECCS from a water-saving perspective, and vice versa.

When ramping up the CO; removal target, it was found that the world median CO,
removal target of 12 Gtco,/yr was only achievable by storing CO, in the UK when
residues and all land types were considered for BECCS. It was also found that water
use, land use and CO, efficiency did not increase linearly with the CO;, removal target,
as marginal land from ’sustainable’ regions get depleted as the CO, target increases,
thus leading to the selection of other types of land or less sustainable regions. This
shows that, though the UK has the storage capacity to achieve more CO;, storage than
its current target, there will be a clear trade-off between how much and how efficient
carbon dioxide removal from the UK will be. This further confirms the need for multi-
polar systems when deploying negative emissions at the gigatone scale. Implementing
other storage sites in MONET will be required to investigate the optimal structure of
the world CO, network for carbon dioxide removal.

Finally, maximising net energy production led to a drastic increase in the system's water
use, land use, and land use change, as well as a decrease in CO; efficiency. This
is explained by the fact that, at a given CO; removal target, regions which are less
efficient at removing CO; are selected to maximise the amount of energy produced. A
key insight from this result is that focusing exclusively on energy production and CO;
removal is detrimental to BECCS resource efficiency and impact on ecosystems.

As a final thought experiment, we considered the proportional share of marginal land
available, to what the UK is contributing to the world global carbon removal target by
2050, as a safe land use boundary in the context of UK CO; removal target. Were
BECCS in the UK to be deployed subject to this land use constraint, it was found
that BECCS electricity production objectives were still met. What this last analysis
shows is that, whilst BECCS KPIs may be negatively correlated, they are, however, not
incompatible: providing the right choices are made along BECCS value chain, BECCS
can be deployed in a way that meets altogether its carbon removal objective, electricity
production objective, and land use constraints.
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8.1.4 What are the geophysical and geopolitical drivers of BECCS cost-
optimal deployment?

Finally, chapter [7] explored the cost-optimal deployment of BECCS to meet increasing
CO, removal targets of five potential large contributors to carbon dioxide removal:
Brazil, China, the EU, India and the USA.

We first quantified the total cost of BECCS in these regions, explicitely accounting
for biomass production, processing and transport, BECCS plant capital and operation
costs, and CO; transport and storage. Factors such as yield, labour cost, and electric-
ity cost were found to be strong drivers of cost and required CO; removal credit to
make a BECCS system economically viable. Regional differences between these factors
led to significant BECCS cost variations between regions, with end of the century cost
of removal as low as $85/tCO; in South China in an optimistic biomass supply chain
scenario (e.g., high yield or low carbon footprint of inputs), and as high as $450/tCO,
in the UK in a pessimistic biomass supply chain configuration (e.g., low yield or high
carbon footprint of inputs), using local biomass. Biomass transport can also lead to a
substantial increase in BECCS cost, up to 50% increase in the case of the UK importing
biomass from Brazil, in the median scenario. Depending on regional CO, storage and
biomass availability, these differences suggest a potential cost-optimal BECCS deploy-
ment structure where low cost BECCS regions provide CO; removal for higher cost
BECCS regions.

In determining BECCS cost-optimal value chains with an increasing CO; removal target,
the total cost of removal was found to decrease over time at low targets (P2). This
suggests that potential BECCS CAPEX reductions as well as the decarbonisation of
the energy system are key to reverse the projected tendency of BECCS cost of removal
increasing with the CO, removal target. At higher targets however (P3), sustainable
bionergy supply limits were reached, which led BECCS cost to increase well past the
$100-350/tCO, removed range. This represents the limits where BECCS is no longer
cost competitive with alternative, non land-based, CDR technologies (e.g., direct air
capture).

Accounting for revenues from electricity generation was found to improve BECCS re-
gional competitiveness. The negative emission credit required for a BECCS system to
have a zero cost balance — or breakeven NEC — was found to be overall lower in the
UK than in the US, though BECCS total cost was found lower in the US than in the
UK. When minimising total cost including revenues from electricity, the structure of the
cost-optimal BECCS value changed, with the EU — with higher cost BECCS but also
high wholesale electricity price — playing a larger role than the US in delivering negative
emissions. The value of electricity will also greatly impact the incentives mechanisms re-
quired for BECCS systems to be financially viable. In regions with low BECCS cost and
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high electricity prices such as Brazil, negative emissions credit required for a BECCS
system to breakeven were found negative, which highlight that not all countries will
necessarily require a large incentives to deploy the BECCS technology.

The combination of low costs and the proximity of cheap and sustainable biomass supply
to CO; storage sites led China to be the main provider of CO; removal in the cost-
optimal configuration, followed by the USA and the EU. When optimising the BECCS
value chain subject to biomass and negative emissions credits trading constraints, it was
observed that different regions brought different value to CO, removal. As a function
of regional CO, storage and biomass availability, different regions were identified as
providers or beneficiaries, whilst full inter-regional collaboration in biomass and negative
emissions trading led to highest chance of meeting global targets at the lowest cost.
International trading, certification and governance frameworks will therefore have to be
designed carefully to integrate a) how to agree on the fulfilling of regional CO;, removal
targets in the case of multi polar value chains, b) the tracking of CO, emissions along
the value chain to determine the net removal achieved and c) a negative emissions credit
exchange platform/market to encourage that BECCS be deployed in the most cost and
resource efficient way.

8.2 Limitations of the thesis and future work

Naturally, there are numerous limits to the framework which was developed for the
purpose of this dissertation. In this section we discuss the main limitations of the
MONET framework, and how these could be improved in future work.

8.2.1 Biomass-to-x

In this dissertation, we chose to focus on a single BECCS pathway, which is biomass
conversion to electricity in a large scale power plant. As it was described in Chapter [2]
multiple pathways to negative emissions via BECCS exist, biomass to fuels or biomass to
hydrogen being two examples. Pathways differ in cost, scale, range of suitable feedstock,
efficiencies in removing CO,, and value to the energy system, both in terms of energy
production and CO, avoidance. Sustainable biomass being a limited resource, modelling
different biomass conversion pathways in MONET could inform on the most efficient
uses of biomass in different regions, as a function of the regions’ energy system and
mitigation targets.
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8.2.2 Co-deployment of CDR methods

In the context of determining the extent to which each CDR method should be deployed,
and where, MONET could integrate additional CDR methods, such as afforestation,
direct air capture or enhanced weathering. Whilst all of these options could have a role in
large-scale CDR in different regions, the co-deployment of these technologies could also
bring about synergies, including, but not limited to 1) the potential of afforestation with
forest management to provide feedstock for BECCS and biofuel, and 2) the potential
of enhanced weathering and biochar to increase crop yield, thus freeing up land for
bioenergy production. Capturing these synergies in MONET could inform on optimal
co-deployment of CDR methods to remove CO; in the most resource and cost efficient
way. Whilst an engineered CO; removal method such as DACCS could be added with
limited changes to the model structure, we acknowledge that adding natural methods
such as afforestation, land restoration, biochar, will require significant changes to the
model structure. In particular, the introduction of feedback loops to capture synergies,
as well as the dynamic modelling of CDR methods deployment to capture differences in
CO, removal rates, are examples of changes which could be incorporated.

8.2.3 Biomass growth model

In MONET, two important assumptions are made when it comes to biomass productiv-
ity: a) biomass productivity is considered constant by region, regardless of the quality
of the land, and b) irrigation is assumed to be always applied to meet the crop's re-
gional water requirement. In practice biomass productivity is a complex function of
factors such as soil type, soil nutrient content, irrigation practices, as well as terrain
slope and elevation. In rain-fed regions, no irrigation is applied, potentially resulting
in a lower yield, but also in a lower water footprint. Equally, biomass yield in likely to
vary as a function of the quality of the land, i.e. be higher on cropland, and lower on
marginal land. Distinguishing rain-fed from irrigated regions in MONET, and captur-
ing the relationship between biomass productivity, water stress and soil quality/terrain
profile, would give a more accurate quantification of BECCS water and land intensities
in MONET. Integrating these nuances could be achieved by focusing on a single region
with a higher spatial resolution.

8.2.4 Multi-objective optimisation of BECCS value chain

In both Chapter [6] where we explored the trade-offs between different sustainability
indicators including water use, land use, land use change, energy and emissions, and
Chapter [7] where we presented least-cost optimisation BECCS pathways under sustain-
ability constraints, a single objective approach was used for the optimisation. Two
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important limitations can be highlighted here. First, the set of indicators selected for
this study does not span the whole range of BECCS identified environmental impacts,
which also include, among others, biodiversity loss and soil nutrient depletion [79]. The
rationale for excluding impacts on biodiversity and soil quality was that BECCS deploy-
ment was constrained to marginal land for the core scenario of this study. However,
a higher spatial resolution and better representation of land cover and land use tran-
sitions, would enable to better capture these impacts, which are equally important in
ensuring the deployment of BECCS (and other CDR methods) is done in a sustainable
way. Additionally, while the single objective optimisation enabled to identify trade-offs
between some of BECCS key performance indicators, it cannot provide any insights as to
a "low regret" strategy for BECCS deployment, when considering all potential impacts.
A multi-objective optimisation approach, for example by considering all of the identified
indicators in a single objective function, rather than as externalities, would allow us to
explore scenarios which conciliate all objectives. One of the key difficulties of such a
method lies in the monetisation of non-economic indicators, such as water use, land use
change, biodiversity loss, depletion in soil quality etc., and how these weighing factors
might vary from one region to another. More generally, the valuation of ecosystem
services is a field of active research [286], and could be further explored in the context
of the co-deployment of CDR methods, especially when considering landscape level ap-
proaches such as afforestation, soil carbon sequestration and biochar. Focusing on a
single region at a higher resolution is also likely to be required to appropriately measure
and value the aforementioned impacts.

8.2.5 Dynamic modelling in MONET

In the case study presented in Chapter[7], BECCS deployment is modelled across several
decades to model the impact of increasing CO; removal target, the depletion of CO,
storage sites, the decarbonisation of the energy system, and potential decrease in BECCS
plant capital costs. The objective of MONET is not to provide projections of future
BECCS deployment, but to identify resource and financial trade-offs between different
regions. For this reason, these are the only parameters which were considered to evolve
with time, and all other parameters, including power plant efficiency, biomass production
energy, carbon and financial costs, labour costs, or biomass yield, which could have
important impact on BECCS cost and sustainability, were considered constant. Several
modifications could be implemented to improve the current representation of BECCS
performance over time 1) Improve the current decarbonisation trends of the energy
system, especially road transport and shipping, 2) model BECCS cost reduction over
time with endogenous learning, instead of exogenous capital cost reductions, 3) include
a sensitivity analysis around the temporal evolution of all of these parameters.
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8.2.6 Broadening the scope of feedstock and regions

We use MONET to explore trade-offs between different BECCS value chains, and iden-
tify the drivers of BECCS technical, environmental and economic performance. Because
MONET only focuses on a subset of biomass sources — excluding other sources such as
forestry biomass, other agricultural residues, wastes [81], algae [84] — and on countries
— excluding large regions of the world such as Africa, Russia and Oceania, MONET does
not aim at providing exact quantifications of BECCS potential and costs. Widening the
scope of feedstock and regions would allow to provide a fuller picture of the impact and

costs of BECCS global deployment, as well as potential key players in delivering global
CDR.

8.2.7 BECCS deployment: possible vs. probable

In this dissertation, we used the variability of various inputs of the value chain (e.g.,
biomass productivity, inputs carbon and energy footprints), etc., to inform on the
breadth of potential outcomes, in terms of CO, removal, land and water use, energy
production, and optimal deployment. Due to a limited number of data points per re-
gion, we were not able to perform a full stochastic analysis, to determine which of these
outcomes are the most probable.

8.2.8 Accounting for BECCS social impact

For the sake of simplicity, we chose not to consider potential socio-economic impacts
of BECCS deployment, such as economic growth, food prices, or broader human well-
being (e.g., employment) at the local level. Whilst assessing BECCS impact on the
global economy (e.g., food prices) would require partial or full equilibrium modelling,
the value and job creation associated with BECCS deployment could be quantified
using input/output based tools such as the Job and Economic Development Impact
(JEDI), as it as been done in other BECCS deployment studies [287]. Accounting for
the socio-economic dimension in MONET may influence geographic priorities of BECCS
deployment, and serve as a useful initial decision-making tool to maximise the overall
benefits of BECCS (or CDR) projects.
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Appendix A

Biomass drying model

For drying, a model was designed based on Gebreegziabher et al. [135] and Li et
al. [288]. Biomass drying has been covered by many studies [136, 289-H291], but
a precise thermodynamic and kinetic model is hard to obtain in the lack of biomass
properties data, such as specific heat capacity, diffusivity, equilibrium moisture content,
etc. This model uses a thermodynamic approach based on the industrial data provided
by Gebreegziabher et al. and Li et al. on wood drying.

Boiler
Fuel, eff % |
Steam
W Air 2 Air 3
l Ta2 Ta3
. - Y2=Y1 Y3
Air1 Air pre- Wa Rotary Wa
3’;‘1:25 C—s heater dryer
Wa Affa Volume
Steam Solids 2 Solids 3
Tw Ts2 Ts3
X2 X3
Ws Ws

Figure A.1: Drying model

Chopped or chipped biomass is dried in a rotary dryer in contact with hot air. Air
is heated through a heat exchanger from room temperature to about 60°C. Air inlet
and outlet relative humidity RH; and RHs are known. Air moisture content Y; at any
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stage of the process is linked with air relative humidity through psychrometric relations,
involving the saturated vapor pressure Py, and vapor pressure Py, :

exp(77.345 + 0.0057(T,, + 273.15) — +—35+=)

Py = Al

i (T,, +273.15)82 (A1)

Py, = RH; X Py, (A.2)
Pa .

1

where Pa is air pressure assumed constant throughout the process.

Considering a water mass balance on the pre-heater, air inlet moisture content is equal
to air outlet moisture content:

Yo=Y, (A.4)

Knowing biomass inlet MC, and outlet (target) MCs moisture content, these values
can be converted into a dry basis moisture content:

MC;

X':i | —
T1oMc!

23 (A.5)

Because biomass quantity to dry Ws (dry basis) is also known, a water mass balance
on the dryer give the required air quantity W, (dry basis):

Wa (Y3 — Y2) = We(X2 — X3) (A.6)

Finally the pre-heater heat rate Q; can be determined with an energy balance on the
heat exchanger:

Qn = Wa(Haz - Ha1> (A.?)
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H,, is the enthalpy of dry air;

H,, = Cpaq X (Tu,' — Trgf) + YZ-(CpU,, X (Tu,' — Tref) + LHw) (AS)

with Cpg,, Cpy, dry air and vapor specific heat capacity respectively, and LH;, water
heat of vaporization, assumed constant in this range of temperature.

Assuming the heat exchanger uses steam generated by a boiler operating with an effi-
ciency EFFg, the specific boiler heat requirement is calculated:

Qn

ERdrying,evap = m (A.9)

This value is implemented in the embodied energy model as drying heat requirement in
MJ/tpm. In this analysis, we assumed that the boiler operated with natural gas at a
boiler efficiency of 90%. When wood pellets are used, an efficiency of 75% is considered.
The overall fuel requirement ERp(sr,b,time) can then be determined:

MC SR(Srrb) MC roc, D(Sr/h)
i proc, o proc,
ER irying,evap X (17MCpmc/5R(sr,b) T=MCproe,p (57,D) )

np(time)

ERp(sr,b,time) = (A.10)



Appendix B

MONET input data

B.1 Energy, GHG and cost data

Table B.1: Mean values and ranges of uncertainty of energy data

Parameter Unit Mean  Range Sources

Nitrogen fertilizer EE MJ/kg 54.7  48.8-60.6 [193, 199, 1203, 292~
299)

Phosphate fertilizer EE MJ/kg 10.2 6.8-13.5 [193] 199, [203] 292+
299]

Potash fertilizer EE MJ/kg 7.3 5.8-8.9 [193] 199, [203| 292
299]

Lime EE MJ/kg 1.0 0.1-1.7 [193, 203| [297] 298]

Herbicide EE MJ/kg 2020 243.8-342.0 [193, 203, 297, 1298
300]

Miscanthus rhizome EE MJ/rhizome 0.16 0.09-0.20 [199 218] 292]

Switchgrass seed EE MJ/kg 13.0 6.0-26.1 [193] 203) 292, [301]

Willow planting EE MJ/cutting 0.10 [218]

Diesel EE MJ/L 47 3762 [217, 218]

Biodiesel EE MJ/L 14.3 [218]

Natural gas EE MJ/kg 4.7 [218]

Diesel LHV MJ/L 37.4 35.9-39.1 [130, 199, 218, 1302,
303

Biodiesel LHV MJ/L 34.8 33.7-37.3 [218] 304)

Natural gas LHV MJ/kg 47.0  46.9-47.1 [305]

Transport of supplies (diesel) MJ/kg 0.52 0.44-0.64 [195] 295]

Road transport diesel FE - pellet L/(km.twm) 0.041  0.028-0.06 134, 137, 213 [218]
305]

Road transport diesel FE- chip L/(km.twwm) 0.042  0.030-0.053 [134) 213]

Road transport diesel FE - bale L/(km.twm) 0.046  0.018-0.075 [130} [134) 199] [306]

Sea transport HFO efficiency - pellet MJ/(km.twyn) 0.049  0.030-0.088 adapted from [218]
307]

Irrigation MJ/mm 15.8 1.1-26.4 adapted from [128|

199, [235]
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Table B.2: Mean values and ranges of uncertainty of GHG data

Parameter Unit Mean Range Sources
Nitrogen fertilizer CF kgCOeq/kg 3.4 2.6-4.8 [193, 199, 209, 292,
295], [298] [308, [309]
Phosphate fertilizer CF kgCOzeq/kg 1.1 0.6-1.6 [193, 199, 292, [295]
298, [309]
Potash fertilizer CF kgCOzeq/kg 0.64 0.44-0.86  [193) [99, [295, 298]
309]
Lime CF kgCOzeq/kg 0.35 0.13-0.59  [193, [295, 296, 298,
309]
Herbicide CF kgCOzeq/kg 20.3 17.2-25 [193] 295 298 [309]
Miscanthus rhizome CF kgCOzeq/rhizome 0.01 [193] 199]
Switchgrass seed CF kgCOszeq/kg 0.66 0.59-0.73 [193]
Willow planting CF kgCOyeq/kg 0.01 [218]
Coal CF gCOeq/MJ 16 [310]
Wood chips (drying) CF gCOzeq/MJ 1.4 1.2-1.6 [218]
Diesel EF kgCOyeq/L 3.3 3.1-35 [91) 134, 193 [199,
210, 218 [295, 1298
309, [311]
Biodiesel EF kgCOzeq/L 0.9 0.6-1.2 [210, 218]
Natural gas EF kgCOzeq/L 64.2 59.1-69.3 [312]
Transport of  supplies  kgCOgeq/(km.tywnm) 0.05 [193] 295]
(diesel) EF
Road transport diesel EF - kgCOqeq/(km.tywn) 0.086 own calculations
pellet
Road transport diesel EF - kgCOqeq/(km.twnm) 0.179 own calculations
chip
Road transport diesel EF -  kgCOgeq/(km.twnm) 0.145 own calculations
bale
Road transport biodiesel EF  kgCOgeq/(km.tywnm) 0.022 own calculations
- pellet
Road transport biodiesel kgCOqeq/(km.tywnm) 0.047 own calculations
EF- chip
Road transport biodiesel EF  kgCOjeq/(km.twn) 0.038 own calculations
- bale
Sea transport HFO effi-  kgCOzeq/(km.twm) 0.004 0.0025- [307]
ciency 0.0072
ILUC kgCOseq/ha 183,030 117,010- adapted from [77] [85]
249,040 89, [155]
LUC grassland kgCOseq/ha 136,330 75000 - [76)[85]
200,000
LUC cropland kgCOzeq/ha 37,500 [76]
LUC marginal land kgCOyeq/ha 25 0-69 [76]
LUC forest kgCOzeq/ha 573,170 350,000- [76) [85]
719,500
EF for N addition kgN2O-N/kgn 0.01 [193] 313]
EF for N volatization kgN2O-N/kgNH3- 0.01 [193] 313]
N--NO,-N
EF for NH3-N+NOy-N kgNH3-N+NO,- 0.1 [193) B13]
N/ken
EF for N leaching kgN2O-N/kgN 0.04 0.0075- [137] 193] 313]

0.075
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Table B.3: Mean values and ranges of uncertainty of miscellaneous data

Parameter Unit Mean Range Sources

CNZO*N%NZO conversion 1.57 1193, 313]

Cp_,pr05 conversion 2.18 [132]

Ck_k20 conversion 1.21 [132]

Cc_.cop conversion 3.67 [1302]

CCS plant area ha 15

DAC plant area for 10,000 ha 13

tco,/day

DAC energy requirement MWh /tco, 4.64 3.33-6.3 adapted from
[247], 242)

Chopping solid recovery %DM 98

Drying solid recovery %DM 98

Drying target moisture %DM 15

Drying energy requirement MJ/tHZOevaporated 3734 own calculations

1ING % 90

Mwood % 75

Grinding solid recovery %DM 98

Grinding moisture loss % 5

Pelleting solid recovery %DM 98

Pelleting moisture loss % 5

Road transport solid recovery %DM 95

Sea transport solid recovery %DM 95
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Figure B.1: Upper and lower (shades) as well as average (lines) BECCS CAPEX trends over
time per region.
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Table B.4: Country-level cost data

Region N P205 K Lime® Herbicide® Cropland® Grassland® Forest® Diesel Natural O&M  Labour Labour PPP!
fertiliser® fertiliser? fertiliser® ($/kg) ($/kg) ($/ha/yr) ($/ha/yr) ($/ha/yrf$/L) gas’ Pellet  farming” industry'
($/kg)  ($/kg)  ($/ke) ($/MJ) Plant®  ($/hr) ($/hr)
($/twm)
Brazil 0.7 0.8 0.5 20.1 56.0 81.0 16.6 2.4 1.06 0.011 10.8 1.2 8.4 0.79
China 0.4 0.5 0.3 125 34.7 217.6 161.5 101.4 1.08 0.009 9.9 0.6 4.4 0.49
Austria 0.8 0.8 0.3 284 79.1 240.6 240.6 311.0 1.54 0.009 18.7 23.3 41.6 1.11
Belgium 0.8 0.8 0.6 28.2 78.6 151.0 151.0 125.7 1.64 0.007 20.7 25.5 49.7 1.11
Bulgaria 0.3 0.3 0.3 11.7 32.5 176.5 176.5 104.9 1.49 0.008 9.8 1.2 4.3 0.46
Croatia 0.3 0.3 0.3 23.6 65.8 122.6 122.6 56.0 1.51 0.008 11.2 4.7 10.1 0.70
Cyprus 0.9 0.8 0.6 18.2 50.8 67.9 67.9 95.8 1.52 0.008 13.3 10.2 18.8 0.93
Czech Republic 0.4 0.2 0.3 18.0 50.0 62.3 62.3 347.1 1.59 0.007 11.5 6.0 11.3 0.71
Denmark 0.8 0.8 0.4 344 957 472.6 472.6 490.0 1.72 0.009 20.2 48.4 47.7 1.35
Estonia 0.4 0.4 0.3 17.3 48.1 38.9 38.9 104.0 1.50 0.008 11.7 5.9 12.2 0.68
Finland 0.8 0.8 0.5 304 846 189.7 189.7 153.7 1.66 0.014 18.5 25.8 40.7 1.19
France 0.9 0.8 0.6 289 80.3 151.0 151.0 190.7 1.60 0.009 18.3 14.7 39.7 1.13
Germany 0.7 0.8 0.5 272 75.6 170.3 170.3 2775 1.63 0.009 19.7 21.8 45.4 1.06
Greece 0.7 0.8 0.5 244 67.8 435.1 435.1 18.1 1.67 0.008 12.7 7.1 16.5 0.95
Hungary 0.7 0.3 0.3 155 431 117.9 117.9 108.5 1.60 0.007 11.0 5.8 9.0 0.61
Ireland 0.9 0.8 0.6 26.1 726 161.1 161.1 1356 1.74 0.010 17.9 27.3 38.1 1.02
Italy 0.8 0.8 0.5 28.7 79.8 239.4 239.4 173.6 1.84 0.009 17.0 22.2 34.2 1.12
Latvia 0.4 0.3 0.2 16.4 457 47.4 47.4 103.1 1.45 0.009 10.8 3.1 8.3 0.64
Lithuania 0.4 0.4 0.3 15.2 423 67.5 67.5 327.2  1.42 0.009 10.8 3.7 8.3 0.60
Luxembourg 0.8 0.8 0.5 31.3 87.0 205.1 205.1 281.1 1.39 0.010 17.5 21.6 36.2 1.22
Malta 0.8 0.8 0.5 19.3 538 278.8 278.8 173.6 1.63 0.008 12.3 8.3 145 0.76
Netherlands 0.8 0.8 0.6 9.8 27.3 634.1 634.1 3336 1.70 0.007 12.3 8.3 14.5 0.38
Poland 0.3 0.3 0.3 15.3 425 62.3 62.3 249.5 1.45 0.010 10.9 4.7 9.0 0.60
Portugal 0.7 0.8 0.5 21.0 585 38.9 38.9 386.9 1.62 0.009 11.6 7.3 115 0.82
Romania 0.4 0.3 0.3 123 343 119.4 119.4 125.7 1.50 0.006 10.1 1.7 5.5 0.48
Slovakia 0.4 0.3 0.3 17.0 47.2 36.6 36.6 174.5 1.61 0.009 11.7 4.7 12.2 0.96
Slovenia 0.3 0.3 0.3 21.5 59.9 118.0 118.0 161.8 1.55 0.009 13.2 12.0 18.5 0.66
Spain 0.7 0.7 0.5 245 68.3 122.6 122.6 66.9 1.48 0.009 147 22.2 24.7 0.84
Sweden 0.8 0.8 0.5 31.9 88.8 148.5 148.5 179.0 1.80 0.013 19.3 19.5 43.8 1.25
United Kingdom 1.0 0.7 0.5 27.7 77.0 199.6 199.6 167.2 1.93 0.008 18.6 23.2 41.1 1.08
India 0.3 0.3 0.2 8.0 22.2 331.8 523.6 22.6 0.84 0.009 9.2 0.7 1.7 0.31
USA 0.8 1.0 0.6 25.5 71.1 187.0 97.3 21.5 0.88 0.004 18.6 23.2 41.1 1.00

All cost data was converted to 2018 US $ using dollars inflation rates and a euros to US dollars conversion rate of 0.85, a GBP to US dollars conversion
rate of 1.42, and a INR (Indian Rupee) to US dollars of 0.014, a RMB (China Renminbi) to US dollars rate of 0.14, and a BRL (Brazil Real) to US dollars
conversion rate of 0.30.

2Fertiliser costs were obtained and adjusted from De Wit et al. [I33] for EU countries, from Duffy et al. [314] for the USA, and calculated from US data
and PPP factors [315] for India and Brazil. Lime and herbicide costs were obtained and adjusted from Duffy et al. [314] for the USA, and calculated from
US data and PPP factors [315] for EU countries, India and Brazil.

bLand rents for cropland, grassland and forests for Brazil, India and the USA were obtained and adapted from Chen et al. [316], using the rents from
the managed land (as opposed to natural). Land rents for cropland and grassland were considered equal in European countries, and obtained and adapted
from arable land/permanent grassland rents from EUROSTAT [I81]. For forest land rents in EU countries, the opportunity cost was considered, using the
productive value of managed forests [181]. Land rents for marginal land were considered to be zero.

Diesel cost per country for the period 2008-20016 was obtained from the World Bank database, averaged and inflated [315]. The cost of natural gas for the
industrial sector was obtained from the EIA [I83] for the USA, from the Ministry of Mines and Energy (MME) for Brazil [179], from EUROSTAT from the
EU, and from Hu et al. for China [317]. The cost of natural gas in India was considered equal to that of China.

dThe operation and maintenance cost (O&M) of pellet plants was calculated using data from Mobini et al. [214], by adjusting the personnel cost with
regional wages in Manufacturing® and adding it to 'other O&M’ cost in Mobini et al.

®Hourly compensation costs from the conference board and the International Labour Organisation [318] for all countries. Hourly compensation cost in
agriculture from De Wit et al. [I33] for EU countries, from the USDA [319] for the USA. When compensation cost in agriculture not available in China,
Brazil and India, ratio of manufacturing to agriculture wages in region with closest GDP applied.

fPPP from the World bank [315]
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Table B.5: Biomass production and transport costs

Cost item Miscanthus Switchgrass Willow Sources

Seed cost ($/unit) 0.15  (/rhi- 29 (/kg) 0.21 (/plant-  Miscanthus [196] 292 [320|
zome) ing) 321], Switchgrass [292, 314}

322] and Willow [321]

Machinery capital ($/ha/yr) 889 790 241 [322]

Labour hours (hrs/ha/yr) 6.6 9.7 5.1 [322]

Road transport pellet  0.09 0.09 0.09 [201]

($/tonwm.km)

Road transport bale 0.14 0.14 [201)

($/tonwnm.km)

Road transport chip 0.11 [201]

($/tonwp.km)

Sea transport pellet  0.004 0.004 0.004 [323]

($/tonwn.km)

Table B.6: Other regional cost assumptions

Regions All Brazil China EU India USA Sources

Interest rate 8% Own assumptions

Lifetime power plant 30 Own assumptions

(yr)

Lifetime pellet plant 20 Own assumptions

(yr)

CO, T&S ($/tCO7) 20.4 Own
calculations/assumptions?

CAPEX pellet plant 15.7 [214)

($/tonwm)

CAPEX dryer 1.5 [214)

($/tonWM)

O&M Power plant 223 154 218 175 234 adapted from the IEA

($/kW/yr) World Energy outlook
2018 [169]°

CAPEX Power plant 5229 4573 6275 5158 6381 adapted from the IEA

(base year) ($/kwW) World Energy outlook
2018 [169]>°

215.4 CO; transport cost calculated based on the capital and operating costs of a 3 MtCO;/yr capacity, 100k
length, 20 years lifetime CO; transport pipeline [I40]. A $5/tCO; was assumed in addition for CO, storage.
bRegional base year BECCS plants O&M and CAPEX were calculated from O& and CAPEX of coal, coal + CCS
and biomass plants data available in the IEA World Energy outlook [169]. BECCS CAPEX (resp. O&M) was
obtained by subtracting the CAPEX (resp. O&M cost) of a coal + CCS to that of coal plant, and adding this
delta to that of a biomass plant.

SBECCS CAPEX reduction trends were computed from optimistic and pessimistic CAPEX reductions of biomass,
coal, and coal CCS plants in 2020, 2040 and 2050, from the IEA World Energy Outlook 2016 [169]. To adopt a
conservative approach, we assume that the CAPEX of these technologies in 2030 is what is referred as 'today’s
CAPEX in the World Energy Outlook. The CAPEX in 2040 is then to be considered that in '2020’ in the outlook,
in 2050 that of '2030’ and in 2060 that of '2040". To further project the CAPEX of these technologies post-2060,
we assume that CAPEX reductions follow the same rate as in the decade 2050-2060. BECCS CAPEX over
time was then calculated from the CAPEX of the biomass, coal, and coal + CCS plants. Figure represents
the CAPEX trends in both pessimistic and optimistic scenarios (shades), and the trend for the average CAPEX
(lines), which was obtained from averaging the pessimistic and optimistic scenarios.
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B.2 Biomass data

Table B.7: Mean values and ranges of uncertainty of wheat straw data

Parameter Unit Mean Range Sources
HAV MJ/kepy  19.2 173212 |64 67
C% YoM 48.4 444523  [64, 67, 69
132 [325]
H% %DM 55 5.0-6.1 [64, 67, 69,
132] 325]
0% %DM 39.1 34.0433  [64, 67, [69]
132 [325]
N% Y% DM 0.61 0.50-0.71 [64, 67, 69l
132] 325]
P% %DM 0.09 0.06-0.12  [132]
K% %pm 1.08 0.38-15 [132]
S% %DM 0.10 0.02-0.31 |64, 67, 69l
132] 325]
Cl% Y%pMm 0.32 0.01-0.73 [64, 67, 69l
132]
Ash% %DM 4.5 1.6-7.3 [64, 67, 169,
325
Moisture content at har-  %wm 10.9 5.2-16.0 [67, 169, 131l
vest% 132] 326]
Straw/grain ratio %DM 1.3 0.64-2.03 [131]
Lifetime years 1
Rotation of harvests years 1
Growing cycle length days 180 (Brazil, China, India) ; 335 [237]
(Europe) ; 120 (US)
Growing  cycle  starting 11 (Brazil) ; 12 (China) ; 10 [237]
month (Europe, India) ; 5 (US)
Growing cycle starting day 15 (Brazil, Europe, India, US) ; [237]
1 (China)
Initial stage t; 20 (Brazil, China, India) ; 160 [237]
(Europe) ; 15 (US)
Development stage t 80 (Brazil, China, India) ; 235 [237]
(Europe) ; 40 (US)
Mid-season stage t3 150 (Brazil, China, India) ; 310 [237]
(Europe) ; 90 (US)
Keini 0.7 237
emid 1.15 237
e end 0.3 237
% N available in straw %N 30 132
% P available in straw Yop 100 132
% K available in straw %N 100 132
Collection (bales) L/ha/harvest 4.4 132
Chopping (diesel) MJ/twm 7.4 132
Drying (power) MJ/twm 66 39-94 2141 [292]
Grinding (power) MJ/twm 146 41-323 184, 327]
Pelleting (power) MJ/twm 300 184], [328]
Pellet cooling (power) MJ/twm 9 214]
Pellet grinding (power) MJ/twm 117 329|
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Table B.8: Mean values and ranges of uncertainty of miscanthus data

Parameter Unit Mean Range Sources
HHV MJ/kgpm 18.4 17.7-19.1 64 167,168/ 199, 330]
C% %DM 47.8 45.1-50.4 64, 67H69] 325]
H% %DM 5.5 4.9-6.1 64, [67H69 [325]
0% %DM 42.3 40.2-44.3 64, [67H69] 325]
N% %DM 0.41 0.24-0.58 64, 67-69] 325
S% %DM 0.22 0.04-0.37 64, 67H69] 325]
Cl% %DM 0.26 0.10-0.42 64, 67H69]
Ash% %DM 3.9 2.5-5.4 64, [67H69, [325]
Moisture content at harvest% Y%owMm 23 15-31 67H69, [195), [199] 331
1st harvest yield proportion % 21 195]
2nd harvest yield proportion % 64 195]|
Lifetime years 18 16-21 137 [195] [218]
Rotation of harvests years 1 195
Growing cycle length days 209 203-215 189
Growing cycle starting month 7(N);9(S) 49 (N) 189
Growing cycle starting day 1 189
Initial stage t; 45 42-48 189
Development stage t; 67 64-70 189
Mid-season stage t3 163 152-174 189
Keini 0.4 237

camid 0.95 237

cend 0.4 237
Lime rate kg/ha 5764 4940-7413 139 [210] 314
Rhizome rate rhizome/ha 20,000 10,000- 123] 1195 196l 1281]

20,000 292

Herbicide rate kg/ha/yr 0.88 0.105-2.81 137], 193]
Land preparation (diesel) L/ha 75.1 195]
Maintenance - harvest (bales) L/ha/harvest 51.6 195|
Chopping (diesel) MJ /twwm 108 199]
Drying (power) MJ/twm 66 39-94 214, [292]
Grinding (power) MJ/twm 125 68-182 199]
Pelleting (power) MJ/twm 125 52-232 199, [213]
Pellet cooling (power) MJ/twm 9 214]
Pellet grinding (power) MJ/twm 99 329|
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Table B.9: Mean values and ranges of uncertainty of switchgrass data

Parameter Unit Mean Range Sources

AAV MJ/kgom 184 173-19.4 68, 207]

Cp MJ/(ngM.K) 1.3 324]

C% %DM 47.1 46.5-47.8 60, [139] 325]

H% %DM 5.9 5.4-6.3 66, 139} [325]

0% %DM 41.4 40.3-42.5 66, [139] 325]

N% %DM 0.8 0.51-1.1 66 139 [325]

S% %DM 0.11 0.08-0.20 66, [139] 325]

Cl% %DM 0.13 0-0.16 66, [139)]

Ash% YoM 5.7 5.2-6.1 66, 139, [325]

Moisture content at harvest% YowM 12 11-14 139 [193| [201) [208|
337)

1st harvest yield proportion % 21 11-30 208 1333]

2nd harvest yield proportion % 69 67-70 208] [333]

Lifetime years 12 10-15 201, [207]

Rotation of harvests years 1 201}, [207]

Growing cycle length days 128 90-160 207, [237]

Growing cycle starting month 5(N);9(S) 237

Growing cycle starting day 1 237

Initial stage t; 10 237|

Development stage t 25 237

Mid-season stage t3 100 237)

Keini 0.5 141]

Kemid 1.03 0.9-1.15 141]

Keend 0.98 0.85-1.1 141]

Lime rate kg/ha 5764 4940-7413 139, 1210] 1314]

Seed rate kg/ha/yr 0.8 04-11 193] [203| (208, 218l
301, 334]

Herbicide rate kg/ha/yr 0.48 0.42-0.54 193, [208] [295]

Land preparation (diesel) L/ha 15.7 208

Maintenance - harvest (bales) L/ha/harvest  32.6 208]

Chopping (diesel) MJ /twm 135 199]

Drying (power) MJ/twm 66 39-94 214] 292]

Grinding (power) MJ/twm 99 52-162 213)

Pelleting (power) MJ/twm 127 72-211 199, 213]

Pellet cooling (power) MJ/twm 9 214)

Pellet grinding (power) MJ/twm 99 329]
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Table B.10: Mean values and ranges of uncertainty of short rotation coppice willow data

Parameter Unit Mean Range Sources

HHV MJ/kgpm  19.1 18.4-19.8 647 Te5) 193] 213] 217
218]

Cp MJ/(kgpm.K)L.5 324

C% YoM 48.1 46-49.2 64, |65 [325]

H% %DM 5.9 5.3-6.4 64, [65] [325]

0% %DM 42.3 40.0-43.0 64, 325)

N% %DM 0.5 0.2-0.8 64, [65], [325]

S% %DM 0.05 0.02-0.1 64, [65, 325]

Cl% %DM 0.03 0.01-0.05 64, [65]

Ash% %DM 2.0 1.1-4.0 64], 165, 213 [325]

Moisture content at  %wwm 52 50-53 63, 193] [195]

harvest%

1st harvest yield pro- % 72 [195]

portion

2nd harvest yield pro- % 100 [195]

portion

Lifetime years 16 [195] 217]

Rotation of harvests years 3 2-4 [195] 213} 217]

Growing cycle length days 150 [335]

Growing cycle starting 5(N);9(S) [335]

month

Growing cycle starting 15 [335]

day

Initial stage t; 40 335

Development stage t 100 335]

Mid-season stage t3 130 335]

Keini 0.65 335

Kemid 1.6 335]

K end 0.90.93 335)

Lime rate kg/ha 5764 4940-7413 139, 1210] [314]

Cuttings rate kg/ha/yr 608 284-875 193] 218 336, [337]

Herbicide rate kg/ha/yr  0.43 0.11-1.08 103| 202, 245, 336)

Land preparation  L/ha 82.8 195]

(diesel)

Maintenance - harvest  L/ha/harvest164.2 [195]

(chips)

Drying (power) MJ/twm 66 39-94 214]

Grinding (power) MJ/twm 133 214)

Pelleting (power) MJ/twm 216 214]

Pellet cooling (power)  MJ/twm 9 214]

Pellet grinding  MJ/twm 117 329|

(power)
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Table B.11: Regional road tortuosity and biomass yield (Brazil and China)

Sub-region sr Road tortuosity?  Miscanthus yield® Switchgrass yield® Wheat yieldd Willow yield®
Acre 14 323-34.7(335) 14-18(16) 22-28(26) -
Alagoas 13 1-323(146) 2-6(4) 22-28(26) -
Amapa 2.2 323-347(335) 14-18(16) 22-28(26) -
Amazonas 2.4 15-41 (26.8) 10-18(16) 22-28(26) -
Bahia 13 323-347(335) 6-12(8) 22-28(26) -
Ceara 15 323-347(335) 8-14(10) 22-28(26) -
Distrito Federal 1.3 323-347(335) 14-18(16) 22-28(26) -
Espirito Santo 1.4 32.3-347(335) 10-14 (12) 22-28(26) -
Goias 1.4 12-228(17.2) 14-18(16) 22-28(26) -
Maranhao 1.3 323-34.7(335) 14-18(16) 22-28(26) -
Mato Grosso 1.5 32.3-34.7(335) 14-18 (118) 22-28(26) -
Mato Grosso do Sul 11 12-228(17.2) 10-18(16) 22-28(26) -
Minas Gerais 1.4 12-228(17.2) 6-14(12) 22-28(26) -
Para 1.6 323-347(335) 10-18(18) 22-28(26) -
Paraiba 15 323-347(335) 6-10(8) 22-28(26) -
Parana 15 12-228(17.2) 10-18 (12) 22-28(26) -
Pernambuco 1.1 1-323(146) 1-6(4) 22-28(26) -
Piaui 13 323-347(335) 6-14(10) 22-28(26) -
Rio de Janeiro 15 12-228(17.2) 10-14 (12) 22-28(26) -
Rio Grande do Norte 1.5 12-22.8(17.2) 6-10(8) 22-28(26) -
Rio Grande do Sul 13 12-228(17.2) 8-14 (10) 22-28(26) -
Rondonia 1.6 323-34.7(335) 14-18(16) 22-28(26) -
Roraima 25 323-347(335) 10-14(12) 22-28(26) -
Santa Catarina 1.4 12-228(17.2) 10-18 (14) 22-28(26) -
Sao Paulo 1.3 12-228(17.2) 10-18(16) 22-28(26) -
Sergipe 1.3 323-347(335) 1-6(4) 22-28(26) -
Tocantins 13 323-347(335) 14-18(16) 22-28(26) -
Anhui 12 27.7-30(289) 14-18 (16) 47-52(50) -
Beijing 11 254-27.7(266) 2-10(6) 47-52(50) -
Chongging 1.4 231-27.7(254) 14-18(16) 47-52(50) -
Fujian 1.4 30-32.3(31.2) 10-14 (12) 47-52(50) -
Gansu 1.2 0-0(0) 0-2(1) 47-52(50) -
Guangdong 1.3 30-32.3(31.2) 10-18 (14) 47-52(50) -
Guangxi Zhuang 1.3 27.7-323(30) 6-18(12) 47-52(50) -
Guizhou 12 231-27.7(254) 6-18(16) 47-52(50) -
Hainan 1.1 323-347(335) 2-6(4) 47-52(50) -
Hebei 1.0 208-27.7(243) 2-10(6) 47-52(50) -
Heilongjiang 11 139-254(196) 6-18(14) 47-52(50) -
Henan 1.2 231-27.7(254) 6-18(12) 47-52(50) -
Hubei 1.4 254-323(289) 10-18(16) 47-52(50) -
Hunan 1.4 27.7-30(28.9) 10-18 (12) 47-52(50) -
Inner Mongolia 1.4 0-139(6.9) 0-10(4) 47-52(5.0) -
Jiangsu 1.2 25.4-30(27.7) 10-18(16) 47-52(5.0) -
Jiangxi 1.3 27.7-30(28.9) 10-14 (12) 47-52(50) -
Jilin 1.1 18.5-30 ( 24.3 ) 8-14(12) 47-52(50) -
Liaoning 11 25.4-347(30) 6-14(10) 47-52(50) -
Ningxia Hui 1.2 139-185(162) 2-6(4) 47-52(50) -
Qinghai 1.3 0-0(0) 0-2(1) 47-52(50) -
Shaanxi 1.2 13.9-231(185) 2-14(8) 47-52(50) -
Shandong 1.1 231-277(254) 6-12(8) 47-52(50) -
Shanghai 15 323-347(335) 14-18(16) 47-52(50) -
Shanxi 1.2 13.9-20.8 (17.3) 2-6(4) 47-52(50) -
Sichuan 13 13.9-254(196) 0-18(6) 47-52(50) -
Tianjin 1.0 30-32.3(31.2) 6-10(8) 47-52(50) -
Xinjiang Uyghur 1.3 0-0(0) 0-2(1) 47-52(50) -
Yunnan 13 231-323(277) 0-18(14) 47-52(50) -
Zhejiang 13 30-32.3(31.2) 10-14 (12) 47-52(50) -
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Table B.12: Regional road tortuosity and biomass yield (EU and India)

Sub-region sr Road tortuosity?  Miscanthus yield® Switchgrass yield® Wheat yieldd Willow yield®
Austria 1.6 17.0-22.0(19.5) 6.0-10.0 (8.0) 41-59(49) 7.8-11.0(9.4)
Belgium 1.1 16.0-16.0 (16.0)  10.0-14.0(120) 84-89(86) 4.0-17.0(89)
Bulgaria 1.9 2.0-30.0 (143 ) 6.0 - 14.0 (8.0) 36-42(38) 4.0-13.0(84)
Croatia 1.4 18.0 - 18.0 ( 18.0) 6.0-10.0 (8.0) 40-53(5.0) 11.0-11.0 ( 11.0)
Cyprus 1.8 12-27.7 (20.2) 0.0-6.0(20) 22-31(27) 1-11.0(6.1)
Czechia 1.3 19.0- 19.0 ( 19.0) 6.0-10.0(8.0) 43-57(5.0) 13.0-13.0 ( 13.0)
Denmark 2.5 5.0-22.0(133) 43-100(7.1) 65-74(7.0) 8.0-8.0(8.0)
Estonia 1.3 2.0-30.0(14.3) 2.0-6.0(4.0) 27-39(3.3) 5.0-5.0(5.0)
Finland 1.2 50-34.0(17.1) 0.0-6.0(2.0) 34-39(38) 5.0-5.0(5.0)
France 1.3 15.0 - 15.0 ( 15.0) 6.0-14.0(9.5) 6.2-73(6.8) 4.0-17.0(8.38)
Germany 1.3 2.0-30.0(144) 6.0-10.0(8.0) 7.0-80(74) 9.0-9.0(9.0)
Greece 13 20.0-44.0(31.2) 0.0-6.0(20) 2.7-32(28) 10.0-10.0 (10.0)
Hungary 1.3 2.0-30.0(14.3) 10.0 - 14.0 ( 12.0) 37-46(4.0) 8.0-8.0(8.0)
Ireland 1.3 5.0-34.0(145) 20-6.0(4.0) 7.2-9.0(8.4) 4.0-17.0(8.6)
Italy 1.2 15.0-32.0(257)  6.0-34.0(13.6) 37-41(40) 3.0-30(30)
Latvia 1.4 2.0-30.0(14.3) 2.0-6.0(4.0) 3.0-44(38) 50-5.0(5.0)
Lithuania 1.1 2.0-30.0(14.3) 6.0-10.0(8.0) 33-48(41) 9.0-9.0(9.0)
Luxembourg 13 18.0-18.0 (180)  10.0-140(120) 55-64(59) 4.0-17.0(8.8)
Malta 1.1 12.0-27.7 (20.2) 6.0-10.0(8.0) 48-48(48) 1.0-11.0(6.1)
Netherlands 1.2 15.0 - 15.0 ( 15.0) 6.0-10.7 (8.3) 7.8-89(85) 4.0-17.0(8.9)
Poland 1.6 15.0 - 15.0 ( 15.0) 6.0-10.0(8.0) 39-44(4.2) 8.0-8.0(8.0)
Portugal 1.2 20.0 - 20.0 ( 20.0) 6.0-10.0(8.0) 13-18(11) 1.0-1.0(1.0)
Romania 1.5 16.0 - 16.0 ( 16.0 ) 6.0-10.0(8.0) 27-37(3.0) 8.0-8.0(8.0)
Slovakia 15 16.0 - 16.0 ( 16.0 ) 6.0-10.0(8.0) 33-46(38) 7.0-70(7.0)
Slovenia 1.3 16.0 - 16.0 ( 16.0) 6.0-10.0 (8.0) 44-54(5.0) 10.0 - 10.0 ( 10.0)
Spain 1.2 14.0 - 34.0 ( 24.0) 20-6.0(4.0) 24-36(3.0) 8.0-8.0(8.0)
Sweden 1.2 2.0-34.0(16.2) 0.0-6.0(1.0) 54-62(58) 4.0-40(4.0)
United Kingdom 1.4 5.0-24.1(128) 2.0-14.6 (8.0) 6.7-77(72) 4.0-17.0(838)
Andhra Pradesh 1.1 5.0 -34.7 (24.0) 6.0 - 14.0 ( 10.0 ) 28-32(31) -

Arunachal Prades 1.8 0.0-0.0(0.0) 0.0-6.0(20) 28-32(31) -

Assam 1.9 12.0-228(172)  6.0-14.0 (12.0) 28-32(31) -

Bihar 1.4 12.0-22.8(17.2)  6.0-10.0 (8.0) 28-32(31) -

Chhattisgarh 1.4 12.0-228 (17.2) 6.0-10.0 (8.0) 28-32(31) -

Delhi 1.2 5.0-34.0 (145) 6.0-10.0 (8.0) 28-32(31) -

Goa 1.4 323-347(335)  6.0-10.0(8.0) 28-32(31) -

Gujarat 1.4 0.0-34.0(73) 6.0-10.0 (8.0) 28-32(31) -

Haryana 13 5.0-34.0(15.9) 2.0-10.0(6.0) 28-32(31) -

Himachal Pradesh 1.4 0.0-22.8(86) 2.0-6.0(4.0) 28-32(31) -

Jammu and Kashmir 1.4 0.0-0.0(0.0) 0.0-20(1.0) 28-32(31) -

Jharkhand 1.2 12.0-228 (17.2) 6.0-10.0(8.0) 28-32(31) -

Karnataka 1.4 5.0 - 41.0 (19.5) 6.0 - 14.0 (9.0) 28-32(31) -

Kerala 1.4 32.3-34.7(335) 10.0 - 14.0 ( 12.0) 28-32(31) -

Madhya Pradesh 1.2 50-34.0(154) 6.0-14.6 (10.4) 28-32(31) -

Maharashtra 1.7 32.3-347(335) 6.0-10.0 (8.0) 28-32(31) -

Manipur 2.4 12.0-228 (17.2) 6.0 - 14.0 ( 10.0) 28-32(31) -

Meghalaya 2.3 12.0-228 (17.2) 6.0 - 14.0 ( 10.0) 28-32(31) -

Mizoram 3.3 12.0-22.8 (17.2)  6.0-14.0 (10.0) 28-32(31) -

Nagaland 1.9 12.0-228 (17.2) 6.0 - 14.0 ( 10.0) 28-32(31) -

Odisha 15 32.3-347(335) 6.0-10.0(8.0) 28-32(31) -

Puducherry 13 323-347(335)  6.0-14.0(10.0) 28-32(31) -

Punjab 1.3 5.0-34.0(145) 20-6.0(4.0) 28-32(31) -

Rajasthan 13 0.0-0.0(0.0) 6.0-10.0(8.0) 28-32(31) -

Sikkim 13 5.0 -34.0 (14.5) 100-14.0 (120) 28-32(31) -

Tamil Nadu 1.1 5.0-34.0(145) 10.0 - 14.0 ( 12.0) 28-32(31) -

Tripura 4.0 12.0-228 (17.2) 6.0 - 14.0 ( 10.0) 28-32(31) -

Uttar Pradesh 1.2 12.0-228(172)  6.0-10.0(8.0) 28-32(31) -

Uttarakhand 1.3 12.0-22.8 (17.2) 2.0-10.0(6.0) 28-32(31) -

West Bengal 1.4 32.3-34.7(335) 6.0-10.0 (8.0) 28-32(31) -




248

APPENDIX B. APPENDIX: MONET INPUT DATA

Table B.13: Regional road tortuosity and biomass yield (US)

Sub-region sr Road tortuosity?  Miscanthus yield® Switchgrass yield® Wheat yieldd Willow yield®
Alabama 1.3 27.7-27.7 (27.7) 14.0 - 18.0 ( 16.0) 29-32(31) 56-56(56)
Alaska 1.3 5.0-5.0(5.0) 0.0-20(1.0) 29-32(3.1) 0.0-0.0(0.0)
Arizona 1.2 24-24(24) 2.0-6.0(4.0) 2.0-32(31) 00-00(00)
Arkansas 1.2 12.0-228 (17.2) 10.0 - 14.0 ( 12.0) 29-32(31) 59-59(59)
California 1.2 28.1-28.1(28.1) 0.0-6.0(20) 29-32(3.1) 0.0-0.0(0.0)
Colorado 1.2 24-24(24) 0.0-9.9(5.38) 2.0-32(31) 75-75(75)
Connecticut 1.2 15.5-155( 15.5) 6.0-10.0 (7.7) 29-32(31) 56-11.0(79)
Delaware 1.3 12.0-228 (17.2) 9.4-18.0(14.4) 29-32(31) 56-56(56)
Florida 1.2 12.0-22.8 (17.2) 10.0 - 14.0 (11.9) 29-32(31) 55-55(55)
Georgia 1.3 26.0 - 41.0 ( 31.9) 11.8-18.0 ( 14.9) 29-32(31) 6.2-62(6.2)
Hawaii 1.2 27.7-27.7 (27.7) 0.0-0.0(0.0) 29-32(31) 0.0-0.0(0.0)
Idaho 1.2 24-24(24) 0.0-6.0(20) 2.0-32(31) 00-00(00)
Illinois 1.3 16.9-228(19.9) 10.0 - 18.0 ( 13.4) 29-32(31) 6.2-62(6.2)
Indiana 1.3 16.9-228(19.9) 10.0 - 14.0 ( 12.0) 29-32(31) 6.2-6.2(6.2)
lowa 1.2 228-228(228) 7.4-180(13.0) 20-32(31) 56-56(56)
Kansas 1.1 18.3-18.3(18.3) 6.0-18.0(12.1) 29-32(31) 6.1-6.1(6.1)
Kentucky 1.2 27.7-27.7 (27.7) 6.0 - 14.0 ( 10.2) 29-32(31) 59-59(59)
Louisiana 11 28.1-281(281) 100-180(140) 29-32(31) 51-51(51)
Maine 1.2 15.5-155(15.5) 6.0-10.0(8.1) 29-32(31) 55-55(55)
Maryland 1.4 12.0-27.7 (20.2) 9.9-140(115) 29-32(31) 6.7-6.7(6.7)
Massachusetts 1.1 155-155(155)  10.0-14.0(11.5) 29-32(3.1) 6.2-11.0(8.1)
Michigan 1.3 16.9-228(19.9) 10.0 - 14.0 ( 11.7) 29-32(31) 59-59(59)
Minnesota 1.2 16.9-16.9 ( 16.9) 10.0 - 16.0 ( 12.8) 29-32(31) 6.0-11.0(8.0)
Mississippi 1.2 27.7-281(279) 100-180(135) 29-32(31) 59-59(59)
Missouri 1.2 12.0-22.8(17.2) 10.7 - 18.0 ( 14.7) 29-32(31) 56-56(56)
Montana 1.2 24-24(24) 0.0-6.0(4.0) 29-32(31) 0.0-0.0(0.0)
Nebraska 11 12.0-120(120)  6.0-14.0 (10.0) 29-32(31) 66-66(66)
Nevada 13 24-24(24) 0.0-2.0(1.0) 2.0-32(31) 00-00(00)
New Hampshire 1.3 15.5-155( 15.5) 6.0 - 10.7 ( 8.7) 29-32(31) 59-11.0(8.0)
New Jersey 1.2 155-155(155)  9.9-14.0 (11.5) 29-32(31) 75-75(75)
New Mexico 1.1 24-24(24) 2.0-6.0(4.0) 20-32(31) 00-00(00)
New York 1.0 15.5-16.9 ( 16.2) 10.0 - 14.0 (11.5) 29-32(31) 54-11.0(7.8)
North Carolina 1.2 19.3-27.7(226) 8.7-18.0(142) 29-32(31) 46-46(46)
North Dakota 11 12.0-12.0 ( 12.0) 6.0-14.0(10.4) 29-32(31) 6.0-6.0(6.0)
Ohio 1.4 16.9-228(19.9) 10.0 - 14.0 ( 11.7) 29-32(31) 53-53(5.3)
Oklahoma 1.1 18.3-18.3(18.3) 10.0 - 14.0 ( 12.0) 29-32(3.1) 75-75(75)
Oregon 1.6 12.0-27.7(202)  0.0-11.1(48) 2.0-32(31) 58-58(58)
Pennsylvania 1.2 15.5-16.9 ( 16.2) 6.0 - 14.0 ( 10.0) 29-32(31) T4-74(74)
Rhode Island 1.2 155-155( 15.5) 10.0-14.0 (11.6) 29-32(31) 54-11.0(7.8)
South Carolina 1.1 27.7-27.7(277) 101-180(145) 29-32(31) 53-53(53)
South Dakota 1.1 12.0-12.0 ( 12.0) 6.0 - 14.0 ( 10.6) 29-32(31) 6.0-6.0(6.0)
Tennessee 1.2 27.7-27.7 (27.7) 10.0 - 14.0 (11.6) 29-32(31) 5.0-50(5.0)
Texas 1.2 18.3-18.3(183)  4.0-14.0(9.2) 20-32(31) 62-62(6.2)
Utah 1.2 24-24(24) 0.0-20(1.0) 29-32(31) 1.0-11.0 (6.3)
Vermont 1.3 15.5-155( 15.5) 6.0-11.1(8.8) 29-32(31) 54-11.0(7.38)
Virginia 1.2 27.7-27.7(277) 140-180(160) 29-32(31) 73-73(73)
Washington 1.2 5.0-34.0(17.3) 0.0-123(5.1) 29-32(31) 52-52(5.2)
West Virginia 1.4 27.7-27.7 (27.7) 6.0-10.1(85) 29-32(31) 6.1-6.1(6.1)
Wisconsin 1.2 12.0-27.7 (20.2) 8.0-16.0 ( 12.0) 29-32(31) 52-11.0(5.8)
Wyoming 1.2 5.0-34.0(17.3) 0.0-6.0(2.0) 29-32(31) 54-11.0(6.5)

a0wn calculations. ®Mean, low and high annual dry mass yield of miscanthus in tpm/ha/yr. Data was adapted from [119} [122] 197}
192, [194] 196 211 [283] 338]. When yield data for region sr is not available, yield data from regions with the closest climate are
used. “Mean, low and high annual dry mass yield of switchgrass in tpy/ha/yr. Data was adapted from [160, 162 [192] 196 211 338].
When yield data for region sr is not available, yield data from regions with the closest climate are used. YMean, low and high annual
dry mass yield of short rotation coppice willow in tpy/ha/yr. Data was adapted from various willow yield datasets in the literature
[122] [162, [338]. When yield data for region sr is not available, yield data from regions with the closest climate are used. *Mean, low
and high annual dry mass yield of wheat in tpy/ha/yr. Dry mass wheat yield data was obtained from the US Department of Agriculture

[319]. To obtain the yield of wheat straw, a grain to straw conversion factor within the range 1.6 - 2.0 was used [131].
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Figure B.2: Land cover with a resolution of 15 arc second geographic, adapted from the MODIS
dataset [164], marginal land area with a resolution of 30 arc second geographic, adapted from
Cai et al. [114], and harvested wheat area with a resolution of 5 minute geographic, adapted
from MAPSPAM [166].
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Table B.14: Land cover, marginal land and harvested wheat harvested area (Brazil and China)

Sub-region sr

Harvested wheat (ha)?

Cropland (ha)®

Grassland (ha)®

Forests (ha)P

Marginal land (ha)¢

Marginal land - low

OWR (ha)¢
Acre 0 4529 8744 14796138 65464 65464
Alagoas 0 198379 104788 21278 538378 492540
Amapa 0 75662 99536 12048270 755909 755527
Amazonas 0 42148 264495 149210755 365120 365120
Bahia 139 2332945 2400444 2888010 7602747 7581625
Ceara 0 181331 126727 84689 1999432 1984798
Distrito Federal 2057 1368 786 21986 229625 229625
Espirito Santo 0 71259 42667 469747 617785 614718
Goias 12694 3256098 425759 188220 5852712 5852712
Maranhao 0 528157 156577 4809429 4763187 4763187
Mato Grosso 786 6351939 3312967 34375031 6428726 6428726
Mato Grosso do Sul 72331 1656405 4894778 1779656 7629190 7629190
Minas Gerais 16247 2313868 617202 2107767 9237942 9237942
Para 0 315938 296578 95045602 3428322 3416272
Paraiba 0 132971 277816 14484 639569 639569
Parana 1143865 3755553 1494937 4854533 5706602 5702059
Pernambuco 0 220129 421072 41975 990765 961456
Piaui 0 286497 128473 168498 3462185 3462185
Rio de Janeiro 0 93119 45561 791173 397731 396967
Rio Grande do Norte 0 167051 388911 8178 80691 80691
Rio Grande do Sul 851954 6038675 7898979 2052537 7876103 7876103
Rondonia 0 84925 351732 14417261 690893 690893
Roraima 0 23040 2278561 17130388 109482 109482
Santa Catarina 80420 547862 108752 4919658 1196099 1193191
Sao Paulo 62872 3426641 2021162 4024247 6118991 6118572
Sergipe 0 73177 192151 10946 1141001 985370
Tocantins 0 365163 1351570 795593 1369558 1369558
Anhui 1350540 9008590 53236 3584114 1240645 1195409
Beijing 37377 492158 235133 573765 163759 0
Chongging 297372 1680121 12125 3868173 1380615 1314097
Fujian 5798 788547 62106 8141189 476468 457905
Gansu 649244 3626168 16539874 2687901 2306145 322923
Guangdong 4155 2175471 172886 7938579 1371573 1298031
Guangxi Zhuang 8483 1232313 55201 9722985 5379165 5378030
Guizhou 374575 2704320 126664 7237191 3620343 3620343
Hainan 0 302004 12377 1201111 930152 929428
Hebei 1137209 9208888 5640878 2278828 3039792 0
Heilongjiang 80519 17993228 1568397 16426106 558354 239576
Henan 2454033 12928238 155665 1986088 577474 10695
Hubei 460302 7266175 85837 8066266 1307885 1272333
Hunan 53940 3919821 77140 9784477 6191445 6191445
Inner Mongolia 431015 9129420 60913567 10450574 4567746 265022
Jiangsu 1146168 7828318 172257 426293 76925 34716
Jiangxi 13663 3711596 97963 8730602 2874002 2744951
Jilin 13946 7285991 1828079 7195687 541587 232838
Liaoning 16192 7576514 770886 3422504 1080172 5211
Ningxia Hui 195390 778026 3550427 35323 38509 0
Qinghai 87259 175418 49673691 122859 9721 9215
Shaanxi 820401 5021710 5487258 8947397 1862026 537194
Shandong 2179912 13244852 481401 222284 899162 19678
Shanghai 24371 426168 21090 11685 924 0
Shanxi 347502 5694177 6219109 2748386 4463694 1216620
Sichuan 1365270 7510980 18591401 18967825 1804046 1203745
Tianjin 83118 781202 95431 65487 232087 0
Xinjiang Uyghur 614630 6343242 38744012 972599 328036 0
Yunnan 296344 3296249 2467111 23357628 2062503 2062503
Zhejiang 52596 2010763 87662 6559833 2627207 1829519
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Table B.15: Land cover, marginal land and harvested wheat harvested area (EU and India)

Sub-region sr

Wheat harvested area

Cropland (ha)P

Grassland (ha)P

Forests (ha)®

Marginal land (ha)¢

Marginal land - low

(ha)? OWR (ha)¢
Austria 282813 1319031 842569 4675105 128706 128706
Belgium 214079 1024230 53644 774849 57725 57678
Bulgaria 1033864 5254531 252653 3297318 539360 481791
Croatia 175656 1354763 282974 2118367 168810 167736
Cyprus 3778 136242 109522 6023 0 0
Czech Republic 822510 2520362 32382 2734562 214332 214332
Denmark 637964 2657579 144640 534542 83300 82999
Estonia 84237 247227 136588 2791997 1135160 1134181
Finland 208661 241660 413429 16023481 8131 5157
France 5232675 25978359 1312489 11362939 965400 963138
Germany 3125000 10909863 439866 11744615 682462 681802
Greece 782626 4023178 936396 2491456 484050 452925
Hungary 1122858 5660820 25761 1218001 174406 139783
Ireland 92307 260390 5468795 945376 1521890 1516496
Italy 1403762 12011815 1691114 7546617 504537 398411
Latvia 190236 659162 87630 3490681 1412723 1412186
Lithuania 356901 2067600 45105 1911212 1590564 1590472
Luxembourg 13983 53896 2422 98199 1197 1197
Malta 1271 14076 4765 63 0 0
Netherlands 129071 877514 433984 502616 92373 92082
Poland 2231857 11508067 120279 9252908 2379125 2378547
Portugal 136834 2093644 383453 929271 1231336 1230691
Romania 2227876 11501556 178437 6645953 649723 576247
Slovakia 364508 1552104 23795 2256763 157578 157578
Slovenia 30460 158684 23056 1344556 33323 33323
Spain 2122749 18065148 3742814 6262563 63855073 6852712
Sweden 362669 1004257 1482953 23932037 457029 451412
United Kingdom 1871551 6737751 10162945 4223947 1548376 1513903
Andhra Pradesh 9656 13307665 148698 1226242 1822939 1142622
Arunachal Pradesh 3832 45325 498197 6873113 76598 76598
Assam 48111 2186102 182621 1517693 230982 230982
Bihar 1448068 7958426 80600 170385 98260 15219
Chhattisgarh 74003 3574992 26689 1851355 121831 109701
Delhi 19580 59652 975 0 668 0
Goa 0 16592 3366 79091 15565 15565
Gujarat 965926 11575614 629627 202106 1385494 37683
Haryana 1166419 4227329 1148 34914 1615 0
Himachal Pradesh 369177 368843 1099908 1621224 75187 12947
Jammu and Kashmir 255180 1371071 3725986 1685578 180611 22290
Jharkhand 40523 3990261 33766 595924 575933 531666
Karnataka 1907 11123324 122450 1207181 1062742 402873
Kerala 0 322889 3255 1492373 646538 524150
Madhya Pradesh 2681304 19787998 454460 1167565 4639474 855609
Maharashtra 752521 20504500 32319 1299262 4310811 2942568
Manipur 4 75316 6951 1838585 6912 6912
Meghalaya 2041 52606 15507 948206 113400 113400
Mizoram 6 1620 220 1894903 449 449
Nagaland 1179 5347 739 1319236 5319 5319
Odisha 5571 4668909 60187 1482198 625011 613994
Pondicherry 0 32020 440 598 3034 175
Punjab 1575621 4768287 1069 62908 7026 498
Rajasthan 2497183 20165145 641437 115671 1237793 19894
Sikkim 4383 2044 202531 315293 991 991
TamilNadu 0 4049505 45262 790576 645084 7620
Tripura 2576 40607 47 168152 294386 29486
Uttar Pradesh 5948565 22126919 120484 411306 106167 0
Uttarakhand 372507 543427 906279 2525426 206629 9316
West Bengal 173474 5937802 32272 369975 279391 275862
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Table B.16: Land cover, marginal land and harvested wheat area (US)

Sub-region sr Wheat  harvested  Cropland (ha)®  Grassland (ha)®  Forests (ha)® Marginal land (ha)c© Marginal land - low
area (ha)? OWR (ha)¢
Alabama 20123 398268 93544 5593855 1321772 1321196
Alaska 0 53534 22091691 12490700 1465 1395
Arizona 39139 426687 4690061 817390 0 0
Arkansas 143730 3420507 444584 5028882 2385539 2385539
California 115813 4272905 5856101 9065097 43884 20114
Colorado 780620 1102173 20027818 3811132 517109 515675
Connecticut 1 7801 739 985385 10051 9910
Delaware 20733 93339 4624 61178 340892 337646
Florida 3783 791771 537435 3669668 834105 831417
Georgia 60912 888444 104033 5173742 1244597 1244597
Hawaii 0 48014 156577 643340 0 0
Idaho 320812 1921733 11494023 7467668 47955 47955
lllinois 317882 10087503 30778 467639 2817237 2812533
Indiana 170056 5005968 21341 824892 511783 509139
lowa 23168 12179716 5756 45639 358433 358433
Kansas 3656919 5615008 14634921 15695 1153356 1017246
Kentucky 143754 1874710 27727 3890270 1513903 1513903
Louisiana 49933 1953391 74687 3315499 647123 646708
Maine 0 35747 7014 7676144 98527 96318
Maryland 53500 240810 5504 755977 845353 792706
Massachusetts 0 14909 4985 1598136 99517 97691
Michigan 247566 1621019 51128 6890900 350089 217913
Minnesota 688062 10194383 96783 6001748 4858069 4852214
Mississippi 38206 1783635 45938 4278708 1733077 1732903
Missouri 321011 5507341 811555 3171928 3038770 3038770
Montana 1325102 1954948 27522033 7857145 1938973 1875857
Nebraska 689084 8139317 11445049 16387 96447 52975
Nevada 3646 187795 15611892 222819 2515 2515
New Hampshire 0 5536 2579 2235391 6674 6674
New Jersey 9632 100511 12157 819781 402441 399131
New Mexico 89403 389964 13555191 1196723 1411 1411
New York 38571 191208 12236 7235303 160895 148964
North Carolina 175674 875989 41818 5136186 2525415 2524324
North Dakota 3254269 13716895 3926992 38153 2072281 2027219
Ohio 357388 3888697 14626 1848257 184961 184961
Oklahoma 1639241 1285391 12604767 696497 606886 520774
Oregon 299564 1341064 10866425 11766586 22684 22666
Pennsylvania 58523 499219 11135 6103784 547859 547740
Rhode Island 0 5001 362 196382 16414 14934
South Carolina 60940 214200 51380 3274782 428381 428381
South Dakota 615808 8018063 11175820 368812 376552 354855
Tennessee 87527 1394394 35008 4274163 1789359 1789359
Texas 1058287 5602049 37201942 1626854 2780385 2732789
Utah 50872 498464 11978962 967047 3124 3124
Vermont 4 12125 2438 2060885 61 61
Virginia 63834 299991 18951 5710124 1118266 1114302
Washington 699836 1886521 4691697 9833514 93421 92662
West Virginia 1983 57765 15428 5037956 137764 137764
Wisconsin 84259 2436286 35165 5046464 3277713 3267378
Wyoming 56313 217786 22124670 2473527 41702 24638

2Obtained using harvested wheat area from MAPSPAM [166]. PObtained using the MODIS dataset [164].Obtained using
marginal land dataset from Cai et al. [I14]. Obtained using marginal land dataset from Cai et al. [114] (Scenario 1) and
the Overall Water Risk index [165]
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B.4 Electricity data

Table B.17: Electricity cost and carbon intensity over time (1/3)

Region Electricity Cl BAU (I 2030 ClI 2040 ClI 2050 CI 2060
($/Mwh)?2 (kgCO2/MWh)>  (kgCO2/MWh)S  (kgCO2/MWh)  (kgCOp/MWh)S  (kgCOy/MWHh)©
Brazil 163 157 89 21 0.0 0
Anhui 112 657 214 44 0.0 0
Beijing 117 657 214 44 0.0 0
Chonggqing 114 657 214 44 0.0 0
Fujian 107 657 214 44 0.0 0
Gansu 109 657 214 44 0.0 0
Guangdong 119 657 214 44 0.0 0
Guangxi Zhuang 127 657 214 44 0.0 0
Guizhou 101 657 214 44 0.0 0
Hainan 94 657 214 44 0.0 0
Hebei 94 657 214 44 0.0 0
Heilongjiang 117 657 214 44 0.0 0
Henan 99 657 214 44 0.0 0
Hubei 119 657 214 44 0.0 0
Hunan 119 657 214 44 0.0 0
Inner Mongolia 82 657 214 44 0.0 0
Jiangsu 114 657 214 44 0.0 0
Jiangxi 114 657 214 44 0.0 0
Jilin 125 657 214 44 0.0 0
Liaoning 122 657 214 44 0.0 0
Ningxia Hui 94 657 214 44 0.0 0
Qinghai 94 657 214 44 0.0 0
Shaanxi 99 657 214 44 0.0 0
Shandong 115 657 214 44 0.0 0
Shanghai 131 657 214 44 0.0 0
Shanxi 95 657 214 44 0.0 0
Sichuan 108 657 214 44 0.0 0
Tianjin 109 657 214 44 0.0 0
Xinjiang Uyghur 73 657 214 44 0.0 0
Yunnan 109 657 214 44 0.0 0
Zhejiang 118 657 214 44 0.0 0
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Table B.18: Electricity cost and carbon intensity over time (2/3)

Region Electricity Cl BAU (I 2030 CI 2040 CI 2050 ClI 2060
($/Mwh)?2 (kgCO2/MWh)P  (kgCO,/MWh)© (kgCO,/MWh)© (kgCO2/MWh)*< (kgCO2/MWh)©
Austria 82 164 62 18 0.1 0
Belgium 38 226 85 24 0.2 0
Bulgaria 94 498 188 53 0.3 0
Croatia 99 233 88 25 0.2 0
Cyprus 145 649 245 69 0.4 0
Czech Republic 85 521 197 56 0.4 0
Denmark 69 174 66 19 0.1 0
Estonia 86 1026 388 110 0.7 0
Finland 72 107 40 11 0.1 0
France 86 46 17 5 0.0 0
Germany 90 450 170 48 0.3 0
Greece 93 586 221 63 0.4 0
Hungary 86 274 104 29 0.2 0
Ireland 137 418 158 45 0.3 0
Italy 104 342 129 37 0.2 0
Latvia 95 145 55 15 0.1 0
Lithuania 82 186 70 20 0.1 0
Luxembourg 87 281 106 30 0.2 0
Malta 158 652 246 70 0.4 0
Netherlands 72 489 185 52 0.3 0
Poland 79 730 276 78 0.5 0
Portugal 91 346 131 37 0.2 0
Romania 83 340 128 36 0.2 0
Slovakia 93 169 64 18 0.1 0
Slovenia 81 265 100 28 0.2 0
Spain 118 293 111 31 0.2 0
Sweden 80 11 4 1 0.0 0
United Kingdom 114 349 132 37 0.2 0
India 36 771 252 52 0.0 0
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Table B.19: Electricity cost and carbon intensity over time (3/3)

Region Electricity Cl BAU (I 2030 CI 2040 CI 2050 CI 2060
($/MWh)?2 (kgCO2/MWh)>  (kgCO»/MWHh)© (kgCO2/MWh)© (kgCO2/MWh)*© (kgCO2/MWh)©
Alabama 63 417 157 44 0.3 0
Alaska 179 422 159 45 0.3 0
Arizona 77 425 161 45 0.3 0
Arkansas 56 510 193 54 0.3 0
California 155 206 78 22 0.1 0
Colorado 73 671 254 72 0.5 0
Connecticut 138 228 86 24 0.2 0
Delaware 78 404 152 43 0.3 0
Florida 76 467 176 50 0.3 0
Georgia 62 457 173 49 0.3 0
Hawaii 262 696 263 74 0.5 0
Idaho 72 86 32 9 0.1 0
lllinois 66 370 140 40 0.3 0
Indiana 71 829 313 89 0.6 0
lowa 83 456 172 49 0.3 0
Kansas 75 547 207 58 0.4 0
Kentucky 53 894 338 95 0.6 0
Louisiana 56 400 151 43 0.3 0
Maine 90 158 60 17 0.1 0
Maryland 79 463 175 49 0.3 0
Massachusetts 138 376 142 40 0.3 0
Michigan 71 502 190 54 0.3 0
Minnesota 80 464 175 50 0.3 0
Mississippi 63 428 162 46 0.3 0
Missouri 73 771 201 82 0.5 0
Montana 62 572 216 61 0.4 0
Nebraska 79 586 221 63 0.4 0
Nevada 81 350 132 37 0.2 0
NewHampshire 130 144 54 15 0.1 0
New Jersey 105 254 96 27 0.2 0
New Mexico 57 719 272 77 0.5 0
New York 61 211 80 23 0.1 0
North Carolina 64 396 150 42 0.3 0
North Dakota 85 760 287 81 0.5 0
Ohio 66 670 253 72 0.5 0
Oklahoma 53 476 180 51 0.3 0
Oregon 59 139 53 15 0.1 0
Pennsylvania 66 390 147 42 0.3 0
Rhode Island 148 396 149 42 0.3 0
South Carolina 53 287 108 31 0.2 0
South Dakota 82 235 89 25 0.2 0
Tennessee 53 453 171 48 0.3 0
Texas 59 479 181 51 0.3 0
Utah 68 744 281 79 0.5 0
Vermont 105 31 12 3 0.0 0
Virginia 69 372 141 40 0.3 0
Washington 52 85 32 9 0.1 0
West Virginia 65 904 341 97 0.6 0
Wisconsin 79 634 239 68 0.4 0
Wyoming 66 927 350 99 0.6 0

2The cost of electricity in the industrial sector were used to calculate both the cost of using electricity at various stages of the biomass
supply chain, and the revenues from generating electricity (as opposed to whole sale electricity prices, due their high volatility and low
predictability). Data from the MME was used for Brazil [I79], from the CEIC database for China [180], from the EUROSTAT database
for the EU [181], from the Government of India for India [I82], and for the EIA for the US [183]. 22015 data from the IEA was used
for the BAU Carbon intensity of electricity in China, EU countries, India and Brazil at the national level [248], and 2016 data from
the Emissions & Generation Resource Integrated Database [249] was used for US states.The carbon intensity of electricity in 2030
and after was calculated by applying regional electricity system’s decarbonisation rates obtained from the IAMC 1.5 Scenario explorer
database [I0] to the BAU carbon intensity of electricity.
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Table B.20: Energy conversion factors

Sub-region sr Wgrida CelecﬁPEb Caiesel selec” CNGselec” CHrOselec”

Brazil 0.36 2.78 0.35 (0.20-045) 0.45 (0.39-0.58) 0.34 (0.34-0.44)
China 0.32 3.13 0.35(020-045) 0.39 (0.39-058) 0.34 (0.34-044)
Austria 0.43 2.33 0.35(0.20-045) 0.46 (0.39-0.58) 0.36 (0.36 - 0.44 )
Belgium 0.45 2.22 0.35(020-045) 051 (039-058) 041 (0.41-0.44)
Bulgaria 0.32 3.13 035 (0.20-045) 034 (039-058) 024 (0.24-044)
Croatia 0.32 3.13 0.35(0.20-045) 0.34 (0.39-058) 0.24 (0.24-0.44)
Cyprus 0.32 3.13 0.35 (0.20-045) 034 (0.39-058) 0.24 (0.24-0.44)
Czech Republic  0.32 3.13 035 (020-045) 034 (039-058) 024 (024-044)
Denmark 0.43 2.33 0.35 (0.20-045) 0.5 (0.39-0.58) 0.40 ( 0.40 - 0.44 )
Estonia 0.32 3.13 0.35(020-045) 0.34(039-058) 0.24(024-044)
Finland 0.42 2.38 0.35(020-045) 0.49 (0.39-058) 0.35( 0.35-0.44 )
France 0.4 2.50 0.35(0.20-045) 0.48 (0.39-0.58) 0.31 (0.31-0.44)
Germany 0.39 2.56 0.35 (0.20-045) 0.43 (0.39-0.58) 0.34 (0.34-0.44)
Greece 0.37 2.70 0.35(0.20-045) 045(0.39-058) 0.36(0.36-0.44)
Hungary 0.35 2.86 0.35(0.20-045) 0.39 (0.39-058) 0.33 (0.33-0.44)
Ireland 0.42 2.38 0.35 (0.20-045) 0.47 (0.39-0.58) 0.36 (0.36 - 0.44 )
Italy 0.45 2.22 0.35(0.20-045) 051 (0.39-058) 0.41 (0.41-0.44)
Latvia 0.32 3.13 0.35(0.20-045) 0.34 (0.39-058) 0.24 (0.24-0.44)
Lithuania 0.32 3.13 0.35(0.20-045) 0.34(039-058) 0.24 (0.24-0.44)
Luxembourg 0.55 1.82 0.35(0.20-045) 0.55(0.39-0.58) 0.41 (0.41-0.44)
Malta 0.32 3.13 035 (0.20-045) 034 (039-058) 024 (0.24-044)
Netherlands 0.44 2.27 0.35 (0.20-045) 0.47 (0.39-0.58) 0.43 (0.43-0.44)
Poland 0.36 2.78 0.35 (0.20-045) 0.34 (0.39-058) 0.36 (0.36- 0.44)
Portugal 0.43 2.33 0.35(0.20-045) 0.54(0.39-058) 0.38(0.38-0.44)
Romania 0.32 3.13 0.35 (0.20-045) 034 (0.39-058) 0.24 (0.24-0.44)
Slovakia 0.31 3.23 0.35(0.20-045) 0.35(0.39-0.58) 0.23 (0.23-0.44)
Slovenia 0.32 3.13 0.35(0.20-045) 0.34(039-058) 0.23(0.23-0.44)
Spain 0.39 2.56 0.35 (0.20-045) 0.50 (0.39-0.58) 0.35 (0.35-0.44)
Sweden 0.38 2.63 0.35 (0.20-045) 0.49 (0.39-0.58) 0.37 (0.37-0.44)
United Kingdom  0.44 2.27 0.35(020-045) 052 (039-058) 0.29 (0.29 - 0.44 )
India 0.28 3.57 0.35(0.20-045) 0.41(0.39-0.58) 0.26 (0.26 - 0.44 )
USA 0.37 2.70 0.35(0.20-045) 0.43(0.39-058) 0.35(0.35-0.44 )

2 Average power generation efficiencies from IEA 2008 [I52].°?Own calculations. SFuel conversion efficiencies from

[151, 152]
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B.5 CO, storage data
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Table B.21: CO, storage capacity in the BAU and high scenarios in Brazil and China
Sub-region sr Capacity BAU  Capacity High  Notes and sources
(GtCOQ) (GtCOQ)

Acre 0.0 20.8 = To date, no national scale quantitative

Alagoas 0.0 19.9 geological survey of Brazil.

Amapa 0.0 20.7 = Only reliable quantitative estimates for

Amazonas 0.0 110.7 the Campos basin, a depleted oil field, off

Bahia 0.0 20.0 the south-east coast of Brazil, which

Ceara 0.0 16.4 comprises of 17 off-shore oil fields, with a

Distrito Federal 0.0 0.0 total capacity of 950 MtCO, [170].

Espirito Santo 0.06 11.8 = Based on geographic distribution, 16 of

Goias 0.0 4.6 them (887.9 MtCO;) were attributed to the

Maranhao 0.0 45.6 the state of Rio de Janeiro, and one of them

Mato Grosso 0.0 431 (61.3 MtCO;) to .the state of Espirito
Santo, for modelling purposes.

Mato Grosso do Sul 0.0 28.6

Minas Gerais 0.0 32.2 = In the high scenario, an approximate CO,

Para 0.0 53.0 storage capacity quantification was

Paraiba 0.0 16 _perfo_rmed using the methodology d_esc_ribed

Parana 0.0 16.8 in Wlldenborg.et al. [171], by multiplying
each state basin area adapted from the

Pernambuco 0.0 6.1 Brazil geological survey [172] (adapated in

Piaui 0.0 20.8 ARCGIS) with a saline aquifer suitability

Rio de Janeiro 0.88 16.1 probability of 50% and a CO, storage

. density (or storage factor) of 0.2

R!o Grande do Norte 0.0 6.1 MtCO};/(kmz. Thgis new eltimgted CO;

Rio Grande do Sul 0.0 54.3 storage capacity was added to that of the

Rondonia 0.0 7.2 Campos oil fields basin used in the BAU

Roraima 0.0 7.4 scenario.

Santa Catarina 0.0 24.1

Sao Paulo 0.0 41.9

Sergipe 0.0 2.1

Tocantins 0.0 9.0

Anhui 100.5 100.5 = Data for the BAU and high scenarios was

Beijing 9.4 0.4 taken from a pationaégcalet geological .
survey, summing u storage capacity in

Chongging 20.3 20.3 sedimyéntary bafinsp(adai)ated fgrom Ehe UyS

Fujian 11.0 11.0 Geological survey [173]), in saline aquifers

Gansu 36.7 36.7 [1741, 339] and in oil & gas fields [174].

Guangdong 81.6 81.6

Guangxi Zhuang 11.9 11.9

Guizhou 1.5 15

Hainan 58.6 58.6

Hebei 163.0 163.0

Heilongjiang 151.1 151.1

Henan 114.0 114.0

Hubei 35.0 35.0

Hunan 20.5 20.5

Inner Mongolia 236.1 236.1

Jiangsu 145.4 145.4

Jiangxi 0.0 0.0

Jilin 61.9 61.9

Liaoning 52.0 52.0

Ningxia Hui 16.1 16.1

Qinghai 21.7 21.7

Shaanxi 108.7 108.7

Shandong 170.0 170.0

Shanghai 171.0 171.0

Shanxi 43.6 43.6

Sichuan 55.4 55.4

Tianjin 38.4 38.4

Xinjiang Uyghur 998.6 998.6

Yunnan 0.8 0.8

Zhejiang 171.0 171.0
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Table B.22: CO, storage capacity in the BAU and high scenarios in the EU and India

Sub-region sr Capacity BAU  Capacity High  Notes and sources
(GtCOQ) (GtCOQ)

Austria 0.0 0.0 = Data for the BAU scenario was taken

Belgium 0.2 0.2 from the EU geocapacity geological survey

Bulgaria 21 21 [175], to the exception of the UK which was
taken from the ETI UK COj;stored database

Croatia 3.1 3.1 [176].

Cyprus 0.0 0.0

Czech Republic 0.8 0.8 = No alternative database was available for

Denmark 238 28 the optimistic scenario.

Estonia 0.0 0.0

Finland 0.0 0.0

France 8.7 8.7

Germany 17.1 17.1

Greece 0.8 0.8

Hungary 0.5 0.5

Ireland 0.0 0.0

Italy 6.5 6.5

Latvia 0.4 0.4

Lithuania 0.0 0.0

Luxembourg 0.0 0.0

Malta 0.0 0.0

Netherlands 2.0 2.0

Poland 2.5 2.5

Portugal 0.0 0.0

Romania 9.0 9.0

Slovakia 1.7 1.7

Slovenia 0.1 0.1

Spain 14.0 14.0

Sweden 0.0 0.0

United Kingdom 14.4 77.0

Andhra Pradesh 0.0 6.5 = To date, no national scale quantitative

Arunachal Pradesh 0.0 0.6 geological survey of India.

Assam 0.0 3.2 = In the high scenario, the same approach

Bihar 0.0 0.0 developed by Wildenborg et al. [171], and

Chandigarh 0.0 0.0 used for Brazil, was applied to sedimentary

Delhi 0.0 0.0 basin area in Indian states [177].

Goa 0.0 0.0

Gujarat 0.0 12.7

Haryana 0.0 0.0

Himachal Pradesh 0.0 0.0

Jammu and Kashmir 0.0 0.0

Jharkhand 0.0 0.0

Karnataka 0.0 0.0

Kerala 0.0 0.0

Madhya Pradesh 0.0 0.0

Maharashtra 0.0 12.0

Manipur 0.0 2.7

Meghalaya 0.0 0.3

Mizoram 0.0 2.6

Nagaland 0.0 1.7

Odisha 0.0 6.1

Pondicherry 0.0 0.0

Punjab 0.0 0.0

Rajasthan 0.0 7.6

Sikkim 0.0 0.0

Tamil Nadu 0.0 6.0

Tripura 0.0 13

Uttar Pradesh 0.0 0.0

Uttarakhand 0.0 0.0

West Bengal 0.0 0.0
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Table B.23: CO, storage capacity in the BAU and high scenarios in the USA

Sub-region sr Capacity BAU  Capacity High  Notes and sources
(GtCOQ) (GtCOQ)
Alabama 367.7 830.3 = Data from the average and high CO,
Alaska 0.0 0.0 storage capacity scenarios in the US carbon
. storage ATLAS [178] were used for the BAU
e 1.0 25 and high scenarios respectively.
Arkansas 24.8 69.4
California 153.5 425.2
Colorado 146.2 386.2
Connecticut 0.0 0.0
Delaware 0.1 0.1
Florida 383.7 912.3
Georgia 250.4 437.8
Hawaii 0.0 0.0
Idaho 0.5 1.4
lllinois 88.8 230.2
Indiana 735 144.1
lowa 0.0 0.0
Kansas 38.1 91.8
Kentucky 54.6 128.4
Louisiana 930.1 2588.6
Maine 0.0 0.0
Maryland 2.6 3.0
Massachusetts 0.0 0.0
Michigan 46.3 67.0
Minnesota 0.0 0.0
Mississippi 521.3 1330.0
Missouri 0.5 1.2
Montana 384.1 944.1
Nebraska 56.9 118.4
Nevada 0.0 0.0
New Hampshire 0.0 0.0
New Jersey 0.0 0.0
New Mexico 996.9 2778.6
New York 4.9 4.9
North Carolina 6.2 16.8
North Dakota 147.4 256.1
Ohio 12.2 13.2
Oklahoma 89.6 222.2
Oregon 44.3 125.2
Pennsylvania 19.9 211
Rhodelsland 0.0 0.0
South Carolina 324 35.7
South Dakota 8.3 145
Tennessee 2.8 6.9
Texas 3069.7 8450.0
Utah 97.4 259.0
Vermont 0.0 0.0
Virginia 1.3 2.7
Washington 247.1 698.4
West Virginia 242 33.8
Wisconsin 0.4 0.4
Wyoming 632.6 1692.7
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