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Table S1 | Parameter values. Default values are means across literature. Minimum and maximum values are
detailed in notes b and e below. References per parameter are listed in Table S2.

Parameter

Abbreviation

Specification

Value (min-max) Unit

Biomass to energy 7
carrier conversion
efficiency®

Conversion i
efficiency penalty
due to CCS

Fertiliser emissions  e€Mperiliser
Supply chain EmSupply Chain
emissions?

Additional supply  Emsupply chain ccs

chain emissions CCS

Biomass carbon cc
content

Carbon capture K
efficiency

Loss factor! fross

electricity from woody biomass
electricity from grassy biomass

FT-diesel from woody biomass
FT-diesel from grassy biomass
ethanol from woody biomass
ethanol from grassy biomass

ethanol from sugar cane

lignocellulosic electricity
lignocellulosic FT-diesel
lignocellulosic ethanol

sugarcane ethanol

woody biomass
grassy biomass
sugarcane (South America)

sugarcane (rest of World)

electricity from woody biomass
electricity from grassy biomass
FT-diesel from woody biomass
FT-diesel from grassy biomass
ethanol from woody biomass
ethanol from grassy biomass

ethanol from sugar cane

electricity

liquid fuels

lignocellulosic biomass

sugarcane

electricity
FT-diesel
lignocellulosic ethanol

sugarcane ethanol

all

58 (54-6.1)
57 (5.4-6.0)°
8.1 (7.6-8.6)°
80 (7.5-85)°
71  (65-7.6)°
70  (6.4-75)°
72 (7.0-7.4)°

1.8
0°

1.9
0.3

55
54
73
151

13 (7-27)¢
16 (8-31)
19  (9-37)¢
18 (9-36)¢
14 (7-28)¢
20 (10-39)¢
16 (8-33)

11
3.0

0.50
0.45f

0.90
0.528
0.12
0.24

0.92

GIelec/ t dbm

GIfuel/ t dbm

GJelec/t dbm
GJua/t dbm

kg CO»-eq.
/t dbm

kg COZ‘eq./G]elec

kg COZ‘eq./G]fuel

kg CO,-eq./GJetec
kg COz-eq./GJua

t C/tdbm

t biogenic CO;
captured / t CO,
produced®

dimensionless

Abbreviations | t = metric tonne, dbom= dry biomass, FT = Fischer-Tropsch. Notes | a, The calculation of the
literature-derived biomass to final energy carrier conversion efficiency (‘conversion efficiency’) is explained
detail below. b, Minimum and maximum values for biomass to energy carrier conversion efficiency
represent the range of variation of the mean value, and were based on the 2.5 and 97.5 percentiles of the
uncertainty of the mean. This range was estimated by multiplying the inverse of the T distribution for these

3
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percentiles by the standard error of the mean across the mean or default values reported in literature. ¢, The
conversion efficiency of lignocellulosic biomass to FT-diesel is not or hardly reduced by adding CCS (Van
Vliet et al., 2009; Xie et al,, 2011; Meerman et al., 2011; Koorneef et al,, 2012), as a relatively pure stream of
CO; is already produced in the FT-process. The CCS conversion efficiency penalty was therefore set to zero.
d, Supply chain GHG emissions represent a well-to-tank perspective for fuels and a cradle-to-factory-gate
perspective for electricity, but exclude N,O emissions from fertilisers which are separately reported. e,
Supply chain GHG emissions have large technological and geographical variability and future estimates of
these emissions are uncertain. Minimum and maximum values are a therefore set at a factor two lower or
higher than the literature average, as explained in the sensitivity analysis on page 28 of this SI. f, The carbon
content of dry sugarcane biomass was determined as the weighted average of the carbon contents of
sucrose and bagasse (Table S2). g, Nearly all CO, released during FT-diesel production can be captured and
only CO; released during combustion is emitted, explaining the relatively high carbon capture rate of FT-
diesel with CCS. h, CO, produced refers to the CO, produced in the power plant or refinery, and during liquid
fuel use. i, The loss fraction refers to the fraction of biomass that remains after losses along the supply chain.

Conversion efficiency calculations
The conversion efficiency () parameter (Table 1) gives the amount of final energy produced per

amount of biomass used, expressed in GJearier / tonne dry biomass. For lignocellulosic feedstocks, this
parameter was calculated by multiplying the energetic conversion efficiency (GJearrier/ GJbiomass) With the
energy content (enthalpy) of the lignocellulosic biomass feedstock (GJyiomass/tonne dry biomass).
Default values for these parameters were determined as the means across literature values reported in
Table S2. For sugarcane, conversion efficiency (n) was determined as the mean of literature-based
conversion efficiencies, which were in turn calculated per study assuming a typical moisture content
of 75%, an ethanol energy density of 27 GJ/kg and an ethanol density of 0.789 kg/L. Throughout this

study, all presented conversion efficiencies are lower heating value (LHV)-based.

Table S2 | Literature data used for this study’s parameterisation. The values presented below are the
reported or derived means per study or the median per study (where only the median was reported).

Supplementary Information

Parameter Specification Value Unit Reference

Energy content of Grasses (Miscanthus/switchgr.) 184  GJpiomass/ t dbm Phyllis2, 2019
biomass feedstock Woody (SRC / forestry) 18.6  GJbiomass/ t dbm Phyllis2, 2019
Energetic conversion Lignocellulosic electricity 0.30  MJeaee/ MJbiomass NTL, 2012
efficiency w/o CCS 032 MJeec/MJbiomass Al Qayim 2015
0.40  MJetec/ MJbiomass IEA, 2007
0.25  MJetee/ MJbiomass Cherubini 2009
032 MJetee/ MJbiomass Hanssen et al. 2017
0.29  MJaec/ MJbiomass Hetland et al., 2016
0.25  MJetee/ MJbiomass IEA GHG, 2009
0.34  MJeec/ MJbiomass Edwards et al., 2013
0.35  MJaec/ MJbiomass Dwivedi et al., 2011
0.34  MJeec/ MJbiomass Guest et al., 2011
0.27  MJaec/ MJbiomass Thornley et al., 2008
0.28  MJeec/ MJbiomass Oreggioni et al., 2017
0.33  MJeec/ MJbiomass Thakur et al., 2014
0.27  MJaec/ MJbiomass Evans et al. ,2010
032 MJeec/ MJbiomass Steubing et al., 2011
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Energetic conversion
efficiency w/o CCS

Lignocellulosic electricity

Lignocellulosic FT-diesel

Lignocellulosic ethanol®

0.27
0.26
0.33
0.32
0.30
0.33
0.25
0.38
0.31
0.25
0.45
0.48
0.52
0.45
0.47
0.45
0.40
0.45
0.35
0.41
0.46
0.46
0.36
0.43
0.44
0.41
0.49
0.34
0.50
0.50
0.42
0.33
0.46
0.43
0.42
0.34
0.37
0.42
0.29
0.33
0.42
0.33
0.32
0.33

MJetec/ M biomass
MJetec/ M biomass
M etee/ MJbiomass
MJetec/ M biomass
M etee/ MJbiomass
M etee/ MJbiomass
MJetec/ M biomass
M etee/ MJbiomass
M etee/ MJbiomass
MJfuel/ M biomass
MJtuet/ MJbiomass
MTuel/ MJbiomass
MTuel/ MJbiomass
M fuel/ MJ biomass
MTuel/ MJbiomass
MTuel/ MJbiomass
M fuel/ MJ biomass
MTuel/ MJbiomass
M fuel/ MJ biomass
M fuel/ MJ biomass
MTuel/ MJbiomass
MJfuet/ M biomass
MTuel/ MJbiomass
MTuel/ MJbiomass
MJfuet/ M biomass
MTuel/ MJbiomass
MTuel/ MJbiomass
MJfuet/ M biomass
MTuel/ MJbiomass
MJfuet/ M biomass
MJfuet/ M biomass
MTuel/ MJbiomass
MJtuet/ MJbiomass
MJtuet/ MJbiomass
MJtuet/ MJbiomass
MJtuet/ MJbiomass
MJtuet/ MJbiomass
MJtuet/ MJbiomass
MJtuet/ MJbiomass
MJtuet/ MJbiomass
MJtuet/ MJbiomass
MJtuet/ MJbiomass
MJtuet/ MJbiomass
MJtuet/ MJbiomass

Van de Walle et al., 2007

Farine et al., 2012
IEA, 2007

Meerman et al., 2011
Heller et al. 2003
Hansen et al., 2013
Hennig & Gawor, 2012
Styles & Jones, 2007
Schlomer et al., 2014
Cruzetal., 2017
Bright et al., 2010
Van Vliet et al.,2009
Xie et al., 2011
Woods et al., 2003
Meerman et al., 2011
Bright & Stremman, 2010
Jungbluth et al., 2007
Edwards et al., 2013
Ail & Dasappa 2016
Wu et al., 2006
Larson & Jin, 1999
Larson et al., 2006
Prins et al., 2004
Tijmensen et al., 2002
Liu et al., 2010
Hamelinck et al., 2004
Reichling et al., 2011
Gonzalez-Garcia et al., 2010
Laser et al., 2009

Wu et al., 2005

Bright et al., 2010
Edwards et al., 2013
Bright & Stremman, 2010
Mu et al., 2010
Mullins et al., 2011
Woods & Bauen, 2003
McKechnie et al., 2011b
Spatari et al., 2005
Spatari et al., 2010
Daystar et al., 2015
Daystar et al., 2012
Farine et al., 2012
Zhuang et al., 2013
Girard & Fallot, 2006
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Energetic conversion
efficiency w/o CCS

Conversion efficiency

w/o CCS

Energetic conversion
efficiency penalty due
to CCS

Conversion efficiency
penalty due to CCS

Energetic conversion
efficiency with CCS

Lignocellulosic ethanol®

Sugarcane ethanol®

Lignocellulosic electricity
(pre-combustion BECCS)

Lignocellulosic electricity
(post-combustion BECCS)

Lignocellulosic electricity
(oxyfuel BECCS)

Lignocellulosic electricity
([BE]CCS in general)

Lignocellulosic FT-diesel

Sugarcane ethanol

Lignocellulosic FT-diesel

Lignocellulosic ethanol?

0.44
0.36
0.43
0.38
0.28
0.27

1.89
1.71
1.77
1.84
1.81
1.77
1.92
1.85
1.70
1.73
1.80

0.08
0.1
0.07
0.12
0.1
0.12
0.09
0.1
0.1
0.11
0.06
0.07
0.1
0.11
0.1
0.1
0.00

0.33

0.42
0.45
0.47
0.50

0.29
0.26

MJfuel/ M biomass
MJfuel/ M biomass
M fuel/ MJ biomass
MJfuel/ M biomass
M fuel/ MJ biomass
MJfuel/ M biomass

GJfa/ t wbm
GJfa/ t wbm
GJfa/ t wbm
GJfa/ t wbm
GJfua/ t wbm
GJfua/ t wbm
GJfa/ t wbm
GJfua/ t wbm
GJfa/ t wbm
GJfa/ t wbm
GJfa/ t wbm

M etee/ M biomass
MJetee/ MJbiomass
MJetee/ MJbiomass
MJetec/ M]biomass
MJetec/ M biomass
MJetec/ M]biomass
MJetec/ M]biomass
MJetec/ M biomass
MJetec/ M]biomass
MJetec/ M biomass
MJetec/ M biomass
MJetec/ M]biomass
MJetec/ M biomass
MTetec/ MJbiomass
MJetec/ MJbiomass
MTetec/ MJbiomass
MJtuet/ MJbiomass

GJfet/ t wbm

MJtuet/ MJbiomass
MJtuet/ MJbiomass
MJtuet/ MJbiomass
MJtuet/ MJbiomass

leuel/MIbiomass
M]fuel/M]biomass

Schmer et al., 2008
Budsberg et al., 2012
Wang et al., 2012
Jonker et al., 2015
Murphy et al., 2015
Cadoux et al.,, 2014

Macedo et al., 2004
Jonker et al., 2015
Jonker et al., 2016
Macedo et al., 2008
Dias de Oliveira et al.,, 2005
de Vries et al., 2010
Macedo et al., 2004
Egeskog et al., 2014
Manochio et al., 2017
Seabra et al., 2011
Tsiropoulos et al., 2014

Erlach et al., 2012
Hetland et al. 2016
Meerman et al., 2011, 2013
Markewitz et al., 2012
Damen et al., 2006
NTL, 2012

Al Qayim et al., 2015
Schakel et al., 2014
Damen et al., 2006
Markewitz et al., 2012
Al Qayim et al.,, 2015
NTL, 2012
Markewitz et al., 2012
Damen et al., 2006
Hetland et al., 2016
Spath & Mann, 2004

note ¢

Moreira et al., 2016

Koorneef et al., 2012
Meerman et al. 2011, 2013
Van vliet et al., 2009
Xie et al., 2011

Koorneef et al., 2012
Wetterlund et al., 2010
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Fertiliser GHG Woody biomass (SRC) 55  kgCO;-eq./tdbm  Hamelinck & Hoogwijk, 2007
emissions Grasses (Miscanthus) 54  kgCOs-eq./tdbm  Hamelinck & Hoogwijk, 2007
Sugarcane(South America) 73 kg COs-eq. / t dbm Smeets et al., 2009
Sugarcane (rest of world) 151 kg CO,-eq./tdbm Smeets et al., 2009
Fraction N2O in total Various supply chains 0.18  dimensionless Elsayed et al., 2003
lifecycle supply chain 0.37  dimensionless Boschiero et al., 2016
GHG emissions 0.07  dimensionless Dwivedi et al., 2011
(GWP-100 based)* 0.15  dimensionless Jonker et al., 2013
0.11  dimensionless Oreggioni et al., 2017
0.01 dimensionless Whittaker et al., 2011
0.21  dimensionless Elsayed et al., 2003
0.58  dimensionless Djomo et al., 2015
0.49  dimensionless Whittaker et al., 2016
0.52  dimensionless Hansen et al., 2013
0.21  dimensionless Elsayed et al., 2003
0.25  dimensionless Fazio & Monti, 2011
0.53  dimensionless Djomo et al., 2015
0.01  dimensionless Hoefnagels et al., 2010
0.21  dimensionless Brinkman et al., 2005
0.31  dimensionless Stephenson et al., 2010
0.11  dimensionless Edwards et al., 2014
0.31 dimensionless Hoefnagels et al., 2010
0.18  dimensionless Hoefnagels et al., 2010
0.17  dimensionless Wang et al., 2012
0.22  dimensionless Fazio & Monti, 2011
0.11 dimensionless Gonzalez-Garcia et al., 2010
0.16  dimensionless Murphy et al., 2015
0.08  dimensionless Hsu et al,, 2010
0.29  dimensionless Groode & Heywood, 2007
0.37  dimensionless Wu et al., 2005
0.22  dimensionless Mullins et al., 2011
0.44  dimensionless Spatari et al., 2005
0.27  dimensionless Spatari et al., 2010
0.11  dimensionless Bai et al., 2010
0.00  dimensionless Van Vliet et al., 2009
0.00  dimensionless Van Vliet et al., 2009
0.02  dimensionless Hoefnagels et al., 2010
0.23  dimensionless Jungbluth et al., 2007
0.32  dimensionless Hoefnagels et al., 2010
0.22  dimensionless Hoefnagels et al., 2010
0.41  dimensionless Fazio & Monti, 2011
0.31  dimensionless Jungbluth et al., 2007
0.43  dimensionless Wu et al,, 2005
Lifecycle supply chain Electricity from woody 12 kg COz-eq. / Getec Cannell, 2003
GHG emissions®! biomass (SRC) 8 kg CO»x-eq. / GJetec Creutzig et al., 2015
12 kg COz-eq. / GJetec Hennig & Gawor, 2012
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Lifecycle supply chain  Electricity from woody

GHG emissions®f biomass (SRC)

Electricity from grasses
(Miscanthus/switchgrass)

FT-diesel from woody
biomass (SRC)

FT-diesel from grasses
(Miscanthus/switchgrass)

Ethanol from woody
biomass (SRC)

Ethanol from grasses
(Miscanthus/switchgrass)

16
15
11
13
18
58
29
11
26
12
4
21
26
15
30
11
22
9
32
16
44
10
24
29
19
14
9
58
13
29
22
20
17
25
10
20
10
23
19
20
17
14
24
26

kg COs-eq. / GJetec
kg CO»z-eq. / GJetec
kg CO»z-eq. / GJetec
kg COs-eq. / GJetec
kg CO»z-eq. / GJetec
kg CO»z-eq. / GJetec
kg COs-eq. / GJetec
kg CO»z-eq. / GJetec
kg COs-eq. / GJetec
kg COs-eq. / GJetec
kg CO»z-eq. / GJetec
kg COs-eq. / GJetec
kg COs-eq. / GJetec
kg CO;-eq. / GJaec
kg COs-eq. / GJetec
kg CO;-eq. / GJaec
kg CO»z-eq. / GJetec
kg COs-eq. / GJetec
kg CO;-eq. / GJaec
kg COs-eq. / GJfua
kg CO;-eq. / GJfual
kg CO;-eq. / GJfual
kg COs-eq. / GJfua
kg COs-eq. / GJfual
kg COs-eq. / GJfua
kg COs-eq. / GJfua
kg COs-eq. / GJfual
kg COs-eq. / GJfua
kg COs-eq. / GJfua
kg COs-eq. / GJfual
kg COs-eq. / GJfua
kg CO;-eq. / GJfual
kg COs-eq. / GJsua
kg CO;-eq. / GJua
kg COs-eq. / GJsua
kg CO;-eq. / GJua
kg CO;-eq. / GJua
kg COs-eq. / GJsua
kg CO;-eq. / GJua
kg CO;-eq. / GJua
kg COs-eq. / GJsua
kg CO;-eq. / GJua
kg COz-eq. / GJua
kg COz-eq. / GJua

Elsayed et al., 2003
Cherubini et al., 2009
Edwards et al., 2014
Djomo et al., 2015
Whittaker et al., 2016
Goglio & Owende 2009
Styles & Jones, 2007
Heller et al., 2003
Giuntoli et al., 2014
Hansen et al., 2013
McCalmont et al., 2017
Creutzig et al., 2015
Elsayed et al., 2003
Fazio & Monti, 2011
Styles & Jones, 2007
Smeets et al., 2009
Robertson et al., 2016
Djomo et al., 2015
Djomo et al., 2013
Woods et al., 2003
Jungbluth et al., 2007
Edwards et al., 2014
Ail & Dasappa, 2016
Menten et al., 2013
Hoefnagels et al., 2010
Hoefnagels et al., 2010
Fazio & Monti, 2011
Jungbluth et al., 2007
Wu et al., 2005
Menten et al., 2013
Woods et al., 2003
Brinkman et al., 2005
Whitaker et al., 2010
McKechnie et al., 2011b
Mu et al., 2010
Stephenson et al., 2010
Budsberg et al., 2012
Edwards et al., 2014
Menten et al., 2013
Hoefnagels et al., 2010
Hoefnagels et al., 2010
Spatari & Maclean, 2010
Daystar et al., 2015
Wang et al., 2012
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Lifecycle supply chain

GHG emissions ®f

Additional lifecycle
supply chain GHG
emissions from CCS

Biomass carbon
content

Sucrose content of
sugarcane

Bagasse content of
sugarcane

Ethanol from grasses
(Miscanthus/switchgrass)

Electricity from boreal
forestry
Electricity

Liquid fuels

Lignocellulosic biomass

Sucrose carbon content

Bagasse carbon content

Carbon capture rate

Lignocellulosic electricity®

26
17
47
56
43
6
20
16
15
23
32
28
41
19
24
19
13

9.0
12.8
3.0

0.50

0.15
0.14
0.14

0.14
0.13
0.13

0.42

0.49

0.79
0.85
0.90
0.95
0.87
0.99
0.90

0.90
0.90
0.90

kg COs-eq. / GJfua
kg CO;-eq. / GJua
kg CO»-eq. / GJfuel
kg COs-eq. / GJfua
kg CO;-eq. / GJua
kg CO;-eq. / GJua
kg COs-eq. / GJfua
kg CO»-eq. / GJfuel
kg COs-eq. / GJfua
kg COs-eq. / GJfua
kg CO;-eq. / GJua
kg COs-eq. / GJfua
kg COs-eq. / GJfua
kg CO;-eq. / GJfual
kg COs-eq. / GJetec
kg CO;-eq. / GJaec
kg CO»z-eq. / GJetec

kg COs-eq. / GJetec
kg COZ'eq. / G]elec
kg COZ'eq- / G]fuel

t C/tdbm

t sucrose/ t wbm
t sucrose/ t wbm

t sucrose/ t wbm

t bagasse / t dbm
t bagasse / t dbm
t bagasse / t dbm

t C/ tsucrose

t C/ t bagasse

t COz cap. /t CO: prod.
t COz cap. /t CO: prod.
t COz cap. /t CO: prod.
t COz cap. /t CO: prod.
t COz cap. /t CO: prod.
t COz cap. /t CO: prod.
t COz cap. /t CO: prod.

t COz cap. /t CO: prod.
t COz cap. /t CO: prod.
t COz cap. /t CO: prod.

Whitaker et al., 2010
Fazio & Monti, 2011
Gonzalez-Garcia et al., 2010
Murphy et al,, 2015
Hsu et al., 2010
Groode & Heywood, 2007
Brinkman et al., 2005
Wu et al., 2005
Mullins et al., 2011
Spatari et al., 2005
Spatari et al., 2010

Bai et al,, 2010
Cherubini et al., 2011
Menten et al., 2013
Creutzig et al., 2015
McKechnie et al., 2011a

Oreggioni et al., 2017

Creutzig et al,, 2015
Modahl et al., 2011
Creutzig et al,, 2015

Phyllis2, 2019

Jonker et al., 2015
Macedo et al., 2008
Seabra et al., 2011

Jonker et al., 2015
Macedo et al., 2008
Seabra et al., 2011

stoichiometrics
Phyllis2, 2019

Erlach et al., 2012
Koorneef et al., 2012
Schakel et al., 2014
Meerman et al., 2013
Al Qayim et al,, 2015
NETL, 2012
Cuellar-France &
Azapagic, 2015
Hetland et al., 2016
NTL, 2012

IEA GHG, 2009
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Carbon capture rate Lignocellulosic electricity® 0.88 tCO:zcap./t CO:prod. Markewitz et al., 2012

090 tCO:zcap./tCOzprod. Damen et al., 2006
0.90  tCO:zcap./tCOzprod. Al Qayim etal., 2015

Fossil fuel based- 0.90 tCOzcap./tCOz2prod. Koorneef et al., 2012

electricity® 0.83  tCO:cap./tCO2prod. Alonso et al., 2014
090 tCO:cap./tCOz2prod. Odeh & Cockerill, 2008
0.90 tCO:zcap./tCOzprod. Schakel et al., 2014
090 tCO:zcap./tCOzprod. Volkart et al., 2013
090 tCO:zcap./tCOzprod. Volkart et al., 2013
0.95 tCOzcap./tCO2prod. Volkart et al., 2013
0.89  tCO:cap./tCOz2prod. Petrescu et al., 2017
0.92 tCO:zcap./tCO2prod. Corsten et al.,2013

090  tCO:cap./t COzprod.
090 tCOzcap. /t CO: prod.

Knoope et al., 2013
Cuellar-France &
Azapagic, 2015
Meerman et al., 2013
Van Vliet et al., 2009
Koorneef et al., 2012
Koorneef et al., 2012;
Laude et al.,, 2011; De
Visser et al., 2011
Wetterlund et al., 2010
t COz cap. /t COz2prod. pote i

Lignocellulosic FT-diesel 0.53  tCOzcap. /t CO; prod.
0.50  tCOacap./t CO2 prod.
0.54  tCOzcap. /t CO: prod.

Lignocellulosic ethanol 0.11  tCOzcap. /t CO; prod.

0.13  tCO:zcap./t COz prod.

Sugarcane ethanol’ 0.24

Loss factor 0.09

0.07  dimensionless

Roder et al., 2015
Sikkema et al., 2010

Forsberg, 2000
Kumar & Sokhansanj, 2006

dimensionless

0.088 dimensionless

0.08  dimensionless

Abbreviations | t = metric tonne, dom= dry biomass, wbm = wet biomass, CCS = carbon capture and
storage, SRC = short-rotation coppicing, cap. = captured, prod. = produced. Notes | a, Energetic conversion
efficiencies of lignocellulosic ethanol production were based on studies on both fermentation and
thermochemical pathways. b, Conversion efficiencies presented for sugarcane are often not as reported in
literature, but rather calculated from other metrics that were reported (e.g., ethanol production in litres per
tonne of wet sugarcane). Conversion efficiencies (Glethano/ tonne dry sugarcane biomass) were derived
assuming a typical moisture content of 75%, an ethanol energy density of 27 GJ/kg and an ethanol density
of 0.789 kg/L. ¢, The energetic conversion efficiency of lignocellulosic biomass to FT-diesel is not or hardly
reduced by adding CCS (Van Vliet et al., 2009; Xie et al.,, 2011; Meerman et al., 2011; Koorneef et al., 2012), as
a relatively pure stream of CO, is already produced in the FT-process. The CCS energetic conversion
efficiency penalty was therefore set to zero. d, For lignocellulosic ethanol, the energetic conversion
efficiency penalty due to CCS was determined using the difference between energetic conversion efficiency
with CCS and energetic conversion efficiency without CCS. e, The reported literature-based supply chain
GHG emissions in Table S2 include N,O emissions. In the final parameterisation (Table S1) however, N,O
emissions are deducted from supply chain emissions to avoid double counting fertiliser emissions, which
form the large majority of N,O emissions. In this calculation the share of N,O emissions in supply chain
emissions was assumed to be 24%, based on the mean share of N,O emissions across literature reported in
Table S2, while using GWP-100 based characterisation factors for the different GHGs. f, Reported supply
chain GHG emissions represent a well-to-tank perspective for fuels, and a cradle to factory gate perspective
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for electricity (i.e., all steps up until electricity generation, not including electricity distribution). g, The
carbon capture rate of lignocellulosic electricity was estimated using studies on all main CCS technologies:
oxyfuel, pre-combustion, and post-combustion CCS. h, BECCS electricity carbon capture rates were co-
determined using results on fossil-based electricity with CCS (which hardly differed from BECCS-specific
estimates). i, This is based on the assumptions that all sucrose is fermented, that half the carbon content of
sucrose forms CO, during fermentation, and that fermentation of sucrose creates a near pure stream of CO,
that can be captured entirely (based on Moreira et al., 2016; Laude et al,, 2011; Sanchez et al., 2018).

Table S3 | Benchmark emission factors for electricity and liquid fuels. Emission factors include full life
cycle GHG emissions. Emission factor (ranges) of benchmark electricity generation technologies and liquid
fossil fuels are based on median values for emission intensities reported in literature.

Benchmark Emission factor Unit Reference
Solar (PV, CSP) and wind (on/offshore) 2-16
Fossil with CCS (natural gas and coal-based?) 44 -73 ke COr-eq./GJ Briickner et al. (2014)
Natural gas w/o CCS (NGCC) 136 - 146 § L27€q D)dec Hertwich et al. (2015)
Coal w/o CCS (IGCC, PC, Sub-critical) 220 -259
Petrol 92.4

k -eq./GJg, i li et al. (2014)°
Diesel 93.9 g CO;-eq./GJua  Giuntoli et al. (2014)

Abbreviations | PV = Photovoltaics; CSP = Concentrated Solar Power; CCS = Carbon Capture and Storage;
NGCC = Natural Gas Combined Cycle; IGCC = Integrated Gasification Combined Cycle; PC = Pulverised Coal.
Notes | a, EFs of electricity from natural-gas fired power plants with CCS lie within the same range as EFs of
electricity from coal-fired power plants with CCS. b, Lifecycle GHG emission estimates of fossil diesel and
petrol vary significantly in literature (Eriksson & Ahlgren, 2013), the values from Giuntoli et al. (2014) used in
this study are European benchmark values and in the middle of the range of GHG emission estimates.

Carbon stocks of degraded forests
This section details how the fraction of aboveground carbon stocks in degraded forests was estimated,

as compared to the forests’ untouched state. This estimate was based on i) the reduction in carbon
stocks after forest degradation, ii) the subsequent biomass regrowth and associated carbon uptake rate
in degraded forests, and iii) the time since the last degradation event. First, the aboveground carbon
stock reduction in degraded forests varies widely from approximately 20% to 90%; we use the cross-
literature average reduction of 45%, as compared to the unharvested state (Andrade et al., 2017;
Rappaport et al., 2018). Second, the recovery of aboveground carbon stocks in tropical degraded
forests is also highly variable (Bonner et al., 2013; Poorter et al., 2016), but carbon stocks on average
recover to 52% of their pre-disturbance state within 20 years (estimated from Poorter et al., 2016 who
analysed tropical South and Central America). Third, we assumed that the last degradation event on
average took place within the last 20 years (Poorter et al., 2016). Using these parameters, we then
estimated current aboveground carbon stocks of degraded forests as a fraction of unharvested forests

following equation S1:

fC degraded = fC remaining + fC removed fregrowth,ZO years " 2 eq. s1
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Where: fc degradea 18 the fraction of carbon stocks present in a forest that has been degraded within the
last 20 years, as compared to its untouched state, fc remaining is the fraction of carbon stocks remaining
directly after a degradation event, fc removed is the fraction of carbon stocks that is removed after
degradation (and therefore the fraction that will regrow), fiegrowin 20 years is the fraction of removed
carbon stocks that regrows in 20 years; the latter part of the equation is multiplied with % to reflect

that a degradation on average took place within the last 20 years, rather than 20 years ago.

When filling in the right hand side of this equation with the literature-based average parameter values
reported above, this equation becomes: 0.55 + 0.45 - 0.52 - % = 0.667 = 2/3. We thus estimated that
aboveground carbon stocks in forests that have been degraded within the last 20 years are at

approximately two-thirds of their untouched state.
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2. Global bioenergy crop yields
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Figure S1 | Modelled annual bioenergy crop yields. a, Woody bioenergy crops (based on SRC willow in
temperate and colder areas, SRC Eucalyptus in the tropics). b, Grasses (based on Miscanthus and switchgrass
cultivars). ¢, Lignocellulosic biomass, i.e., woody crops or grasses depending on which crop type results in
the lowest EF (see figure S3). d, Sugar cane. Note that the displayed modelled yields are annualised average
yields for the period of 2020-2050 and that agricultural areas are included in these maps.
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3. Previous land cover types

B Tropical forests O Grasslands & Savannahs
B Temperate forests B Managed and degraded forests
O Boreal forests B Abandoned land

Figure S2 | Map of land cover types in 2020. This is the distribution of land cover types before the
modelled conversion to bioenergy crops or natural regrowth. Note that agricultural land (cropland and
pastures, according to the default IMAGE-run SSP2 scenario) are excluded from our analysis and this map,
and that areas with bioenergy crop yields below 5% of the global maximum yield are excluded from our
analysis as well. Abandoned lands are based on what agricultural lands are abandoned towards 2100,
depending on the projected supply and demand of agricultural products as determined in IMAGE. The
managed and degraded forests land cover type is defined here as forestland that is in a re-growing state
after recent human interventions. It encompasses: i) managed forests for wood production, which
predominantly occur in temperate and boreal zones, and ii) re-growing degraded forests that remain after
logging for the most valuable trees or slash-and-burn practices, predominantly in tropical areas.
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4, Lignocellulosic bioenergy crops selection

Our default results in the main text represent lignocellulosic bioenergy crops in general, selecting
grasses or woody crops for each grid cell depending on which results in the lowest EF. Figure S3a
shows where these two crop types can grow (excluding agricultural and unproductive areas). Figure
S3b shows which crop type is selected based on the aforementioned criterion of resulting in the lowest

EF. This spatial pattern is the same for all investigated bioenergy pathways.

B Woody bioenergy crops
O Grassy bioenergy crops
O Both crop types

Figure S3 | Lignocellulosic bioenergy crop maps. a, Potential occurrence of grassy bioenergy crops (e.g.,
Miscanthus and switchgrass cultivars) and woody bioenergy crops (short-rotation coppiced Eucalyptus in the
tropics and willow in colder areas) in LPJml, agricultural land (cropland and pastures, according to the
default IMAGE-run SSP2 scenario) and areas with yields below 5% of the global maximum are excluded. b,
Map showing which lignocellulosic bioenergy crop is used in our default results for “lignocellulosic”
bioenergy, which is based on which crop yields the lowest EF. Agricultural and unproductive areas are again
excluded.
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Beside our default EF-based selection (Figure S3b and S4a), we investigated two alternative
methods to select a crop type per location: i) based on which crop type results in highest bioenergy
potential (Figure S4b), and ii) which crop type has an “optimal” combination of low EF and high
potential, using a pareto front of bioenergy potential and inverse, scaled EFs (Figure S4c). Emission-
supply curves are not visibly altered under different crop selection methods (Figure S4d). Few
locations change crop type under different selection methods (Figure S4a-c), as EF and bioenergy
potential are strongly correlated. Locations that do change from woody to grassy biomass
(predominantly in mountainous and sub-boreal areas) hardly affect emission-supply curves, as

bioenergy potential is relatively low in these areas.
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Figure S4 | Effects of alternative lignocellulosic crop type selection methods. Maps indicate whether
grassy bioenergy crops (represented by Miscanthus and switchgrass cultivars) and woody bioenergy crops
(short-rotation coppiced Eucalyptus in the tropics and willow and poplar in colder areas) are selected for
each grid cell, based on: a, which crop type results in lowest EFs (as used in our analysis), b, which crop type
results in highest bioenergy potential, or ¢, which crop type has an “optimal” combination of low EF and
high potential (using a pareto front of bioenergy potential and inverse, scaled EFs). d, Emission-supply
curves of ligno-cellulosic bioelectricity with CCS with different lignocellulosic crop selection methods.
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5. Biomass residues available for bioenergy

We analysed the carbon sequestration potential of BECCS, using our EFs and BECCS supply
potentials, in two illustrative climate change mitigation pathways in the IPCC SR1.5°C: the S2 middle-
of-the-road pathway and the S5 high-energy-demand pathway (Rogelj et al., 2018; Huppman et al,,
2019). When also including biomass residues in this analysis, we deployed all residues available for
bioenergy to BECCS, before allocating any land to bioenergy crop production for BECCS. In all cases,
residue availability for bioenergy was based on the SSP2 baseline scenario modelled in the IMAGE
integrated assessment model (Table S4). Residue availability for bioenergy included both agricultural

and forestry residues and accounted for competing, non-energy uses of biomass residues.

Table S4 | Residue availability over time following the SSP2 baseline scenario in the IMAGE integrated
assessment model. Residue availability for bioenergy included both agricultural and forestry residues and
accounted for competing, non-energy uses of biomass residues.

Year Biomassresidues

availability
(EJprimary/year)
2020 59.2
2030 69.2
2040 77.0
2050 82.8
2060 84.8
2070 86.3
2080 86.8
2090 88.8
2100 90.3
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6. Overview of BECCS potentials and land area requirements

Table S5 | Global energy potential, sequestration potential and land area results for various forms of
BECCS over 30 and 80 year evaluation times.

Energy potential Sequestration Land areausedto Share of which

Scenario at EF<0? potential® achieve potential on natural land®
(EJcarrier / year) (Gt COx-eq / year) (Gha) (%)
evaluation period 30 years 80 years 30 years 80 years 30 years 80 years 30 years 80 years

Default
lign. crop electricity 28 220 2.5 40 0.76 4.43 53% 79%
lign. crop FT-diesel 4.4 282 0.1 4.8 0.09 222 53% 75%
lign. crop ethanol 0 0 0 0 - - - -
sugarcane ethanol 0 0 0 0 - - - -

IB used for energy
lign. crop electricity 125 244 59 48 1.80 4.55 77% 79%
lign. crop FT-diesel 5.9 370 0.1 7.0 0.10 2.66 55% 78%

IB used in other sectors
lign. crop electricity 129 220 11 50 2.31 4.58 81% 80%
lign. crop FT-diesel 12 391 0.2 12 0.14 3.46 66% 81%

Abbreviations | lign.= lignocellulosic; IB = initial biomass (i.e., biomass present before plantation establish-
ment). Notes | a, Energy potential of BECCS with negative emission factors, i.e., energy potential that would
lead to net negative emissions. b, Carbon sequestration potential of BECCS with negative emission factors. ¢,
Percentages reported in this table refer to the share of natural land within the total land area used for BECCS
sequestration (i.e.,, considering only areas with negative EFs). Note that this is not the same as the
percentage of energy supplied or carbon sequestered via BECCS on natural lands, as compared to the total
energy supplied or carbon sequestered via BECCS. The definition of natural land includes natural grassland
and forests, it excludes abandoned agricultural land and managed and degraded forests (see Methods);
agricultural land is excluded in the entire analysis.
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7. Lignocellulosic bioenergy crop type-specific results

Results in the main text represent lignocellulosic crops in general, which was implemented by
selecting the crop type for each grid cell that results in the lowest EF. Details on this approach and
alternative selection methods are provided in this supplementary information on pages 15-16 (Figures
S3-4). Here we provide crop type-specific results.

In most parts of the world except for boreal areas, grassy bioenergy crops (Miscanthus and
switchgrass cultivars) would result in lower EFs than woody crops (Eucalyptus in the tropics, poplar
and willow in colder areas), mostly due to higher yields. Results for lignocellulosic crops in general are
therefore largely similar to those of grasses only, while global emission-supply curves of woody
bioenergy show lower potential and/or higher EFs (Figure S5). For liquid biofuels, overall crop type-

specific patterns are similar to those of bioelectricity (Figure S6-7).
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Figure S5 | Global emission factors maps and resulting emission-supply curves of BECCS electricity
from grasses and woody bioenergy over a 30 year evaluation time. a, Emission-supply curve of BECCS
electricity from grasses (Miscanthus and switchgrass cultivars). b, EF map of BECCS electricity from grasses
(Miscanthus and switchgrass cultivars). ¢, Emission-supply curve of BECCS electricity from woody bioenergy
crops (poplar, willow, Eucalyptus). d, EF map of BECCS electricity from woody bioenergy crops (poplar,
willow, Eucalyptus). Note that agricultural areas are included in the EF maps, but do not contribute to the
global bioenergy potential in the emission-supply curves.
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Figure S6 | Global emission factors maps and resulting emission-supply curves for Fischer-Tropsch
(FT-)diesel produced with CCS from grasses and woody bioenergy. a, Emission-supply curve of FT-diesel
with CCS from grasses (Miscanthus and switchgrass cultivars). b, EF map of FT-diesel with CCS from grasses
(Miscanthus and switchgrass cultivars). ¢, Emission-supply curve of FT-diesel with CCS from woody
bioenergy crops (poplar, willow, Eucalyptus). d, EF map of FT-diesel with CCS from woody bioenergy crops
(poplar, willow, Eucalyptus). For reference, the orange lines indicate the 94 kg CO,-eq./GJswe EF of fossil diesel
(Giuntoli et al., 2014). Note that agricultural areas are included in the EF maps, but do not contribute to the
global bioenergy potential in the emission-supply curves.
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Figure S7 | Global emission factors maps and resulting emission-supply curves for ethanol produced
with CCS from grasses and woody bioenergy. a, Emission-supply curve of ethanol with CCS from grasses
(Miscanthus and switchgrass cultivars). b, EF map of ethanol with CCS from grasses (Miscanthus and
switchgrass cultivars). ¢, Emission-supply curve of ethanol with CCS from woody bioenergy crops (poplar,
willow, Eucalyptus). d, EF map of ethanol with CCS from woody bioenergy crops (poplar, willow, Eucalyptus).
For reference, the blue lines indicate the 92 kg CO,-eq./GJwe EF of petrol (Giuntoli et al., 2014). Note that
agricultural areas are included in the EF maps, but do not contribute to the global bioenergy potential in the
emission-supply curves.
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8. Evaluation times of BECCS

Evaluation time

— ET 80 year

— ET 60 year

— ET 50 year

150 - ET 40 year

— ET 30 year (default)
ET 20 year

1007 Alternative technologies

Solar PV and wind
Fossil fuels with CCS
50+ B Natural gas

Modern coal
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Bioenergy Potential ( EJgiec /Yr)

Figure S8 | Global emission-supply curves of BECCS electricity over varying evaluation times. Shaded
columns indicate EF ranges for alternative electricity generation technologies (Brlickner et al., 2014;
Hertwich et al.,, 2015; TableS2).
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9. BECCS electricity over a 20 year evaluation time

When using 20 year evaluation time, as used by the IPCC and EU (IPCC, 2006; EU, 2009), LUC
emissions are amortised over a shorter time period and fewer locations remain attractive for climate
change mitigation via BECCS. BECCS electricity potential is reduced to 12 EJa./year at EFs below
zero and to 18 EJa../year at EFs of fossil CCS electricity, both predominantly on abandoned lands and
managed and degraded forests (Figure S9). For FT-diesel with CCS, negative emissions are negligible
at this 20 year evaluation time and potential below the 94 kg CO,-eq./GJua EF of fossil diesel is
reduced to 27 E]J/year. All ethanol pathways have negligible potential at EFs below that of petrol when

considered over a 20 year evaluation time.
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Figure S9 | Global emission factors maps and resulting emission-supply curves of BECCS electricity
over a 20 year evaluation time. a, Emission-supply curve of BECCS electricity. Shaded columns indicate EF
ranges for alternative electricity generation technologies (Briickner et al., 2014; Hertwich et al., 2015; Table
S2). b, EF map for BECCS electricity. Agricultural areas are included in the EF maps, but do not contribute to
the global bioenergy potential in the emission-supply curves.
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10. Global emission factor maps of liquid biofuels with CCS
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Figure S10 | Global emission factor maps of liquid biofuels with CCS. a, EF map for lignocellulosic
bioenergy crop-based Fischer-Tropsch diesel with CCS considered over a 30 year evaluation time. b, EF map
for lignocellulosic ethanol with CCS over a 30 year evaluation time. ¢, EF map for sugarcane ethanol with CCS
over a 30 year evaluation time. d-f, EF maps for these liquid biofuels with CCS over an 80 year evaluation
time. Agricultural areas are included in the EF maps, but do not contribute to the global bioenergy potential
presented in the main text and the emission-supply curves (Figure 2).
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11. Alternative uses of initial biomass: additional results

default
(initial biomass burned)

a b
~ 250

>

S 200

w

S 150

[ =4

Q

o

o 100

>

o

@

& 50

o

2

%550

-200 -100 O
Emission Factor (kg CO;—eq./GJgec )

100 200

Original land cover type

M Tropical forests

B Temperate forests

B Boreal forests
Grasslands & Savannahs
Managed and degraded forests

B Abandoned land

B Natural gas
Modern coal

80% initial stem biomass
to other sectors

300 -200 -100 O
Emission Factor (kg CO,—-eq./GJeec )

100 200

Alternative technologies

Solar PV and wind
Fossil fuels with CCS

80% initial stem biomass
to bioenergy

300 -200 -100 0

100 200
Emission Factor (kg CO, —eq./GJeiec )

Supplementary Information

awi} uonen|eas Jeak og

Figure S11 | Global emission-supply curves of BECCS electricity, with alternative uses of initial
biomass, considered over an 80 year evaluation time. a, Default BECCS electricity emission-supply curve
over an 80 year evaluation time (initial biomass is assumed to be burned). b, BECCS electricity emission-
supply curve over an 80 year evaluation time, with 80% of initial stem biomass used in others sectors (e.g.
timber or pulp; eventual biogenic carbon emission from this 80% of initial stem biomass are allocated to
these sectors). ¢, BECCS electricity emission-supply curve over an 80 year evaluation time, with 80% of initial
stem biomass used to produce additional bioelectricity. Shaded columns indicate EF ranges for alternative
electricity generation technologies (Briickner et al., 2014; Hertwich et al,, 2015; Table S2).
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Figure S12 | Global emission-supply curves of lignocellulosic Fischer-Tropsch diesel with CCS, with
alternative uses of initial biomass, considered over a 30 and 80 year evaluation times. a, Default
emission-supply curve for FT-diesel with CCS over a 30 year evaluation time (initial biomass is assumed to be
burned). b, Emission-supply curve for FT-diesel with CCS over a 30 year evaluation time, with 80% of initial
stem biomass used in others sectors (e.g. timber or pulp; eventual biogenic carbon emission from this 80%
of initial stem biomass are allocated to these sectors). ¢, Emission-supply curve for FT-diesel with CCS over a
30 year evaluation time, with 80% of initial stem biomass used to produce additional diesel. d-f, these same
emission-supply curves over an 80 year evaluation time. The orange line indicates the emission factor of
fossil diesel (94 kg CO,-eq./GJse; Giuntoli et al., 2014).
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12. Sensitivity analysis: lignocellulosic FT-diesel with CCS
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Figure S13 | Sensitivity analysis of emission-supply curves for lignocellulosic Fischer-Tropsch diesel
with CCS. The default emission-supply curve is plotted in grey in all panels. a, Emission-supply curves at
constant 2020 crop yields (light blue) and high crop yields (dark blue) b, Emission-supply curves for low
(light green) and high (dark green) biomass to energy carrier conversion efficiencies (based on literature,
Table S1). ¢, Emission-supply curves for scenarios with low (yellow) and high (orange) agricultural land
requirements (based on SSP1 and SSP3 in IMAGE; default is SSP2; see Methods). d, Emission-supply curves
for a best-case (green) and worst-case (red) scenario. e-h, these same emission-supply curves for evaluation
times of 80 years, rather than 30 years. The orange vertical line indicates the emission factor of fossil diesel
(94 kg CO,-eq./GJrei; Giuntoli et al., 2014).
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13. Sensitivity analysis: extension for BECCS electricity

Supply chain GHG emissions
Default supply chain GHG emissions were based on the average emissions reported in literature per

feedstock-carrier combination (Tables S1 and S2). Future global BE(CCS) development will likely
require large-scale interregional trade in biomass or energy carriers to match regions that supply
biomass with centres of population that demand energy (Junginger et al., 2019), which could increase
GHG emissions of some supply chains. On the other hand, decarbonisation of the energy and
transport sectors could also reduce emissions. To account for this uncertainty and variability, we
estimate minimum and maximum supply chain emissions in our sensitivity analysis by taking half or
double (50-200%) the default emissions, respectively. The resulting range is larger than a range
estimated based on current literature, which would be approximately 60-140% (following the
approach in Table S1, note b). After doubling supply chain emissions, the resulting increase in
emissions on top of default emissions is 13-20 kg CO2/GJ.. depending on the exact feedstock-carrier
combination (Table S1). To put this in perspective, this increase in emissions is similar to the
emissions associated with transatlantic shipping of wood pellets, which are around 13 kg CO,-
€q./GJet. for wood-pellet based electricity (Hanssen et al., 2017).

Supply chain GHG emissions make up a small share of overall emissions of BECCS electricity.
Doubling or halving these emissions has a limited effect on BECCS emission-supply curves (Figure
S14ab). Doubling supply chain emissions results in a reduction of BECCS energy potential at negative
EFs of 1% for a 30 year evaluation period (Figure S14a) and of 5% over an 80 year evaluation period
(Figure S14b).

Climate regime

By default a representative concentration pathway (RCP) leading to 2.6 W-m™ radiative forcing in
2100 is used in the LPJml global vegetation model runs in this study (see Methods). When forcing a
warmer RCP6.0 climate, emission-supply curves do not visibly change when looking at a 30 year
evaluation time (Figure S14c), as RCP2.6 and RCP6.0 hardly differ between 2020 and 2040, and only
slowly diverge thereafter. At longer evaluation times, the global effect of climate on emission-supply
curves is still very limited (Figure S14d), predominantly because i) the difference in climate regime is
limited in the first decades, and ii) the eventual warmer climate affects both bioenergy crop yields and

carbon stocks of the natural vegetation benchmark, i.e., foregone sequestration, in the same way.

Carbon fertilisation

Plant growth can be enhanced due to higher atmospheric CO, concentrations. This so-called carbon
fertilisation is controversial and excluded in our default runs in the LPJml model. Over a 30 year
evaluation time, including carbon fertilisation slightly decreases BECCS potential up to EFs of around
240 kg CO;,-eq./GJae, and increases potential at higher EFs (Figure S14c). At longer evaluation times,
carbon fertilisation increases BECCS potential by about 5% even at negative EFs (Figure S14d). This

increase in potential occurs because of increased yields under carbon fertilisation. At shorter
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evaluation times, yields also increase, but they do not outweigh the increase in EFs that carbon
fertilisation brings about by enlarging carbon stocks of the natural vegetation benchmark, i.e. by

enhancing foregone sequestration.
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Figure S14 | Sensitivity of BECCS electricity emission-supply curves to parameterisation extended. a,
Emission-supply curves for low (pink line) and high (red line) supply chain GHG emissions, as compared to
default supply chain emissions (grey line; range and default value are based on literature, Table S1). b, these
same emission-supply curves for evaluation times of 80 years, rather than 30 years. ¢, Emission-supply curves
for a scenario with a fixed RCP6.0 climate (purple dashed line) that is warmer than the default RCP2.6 climate
(grey), and for a scenario that includes carbon fertilisation, i.e., assumed enhanced plant growth due to
higher atmospheric CO, concentrations (black line). d, these same emission-supply curves for evaluation
times of 80 years, rather than 30 years. Shaded columns indicate EF ranges for alternative electricity
generation technologies (Briickner et al., 2014; Hertwich et al., 2015; Table S2).
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14. Sensitivity analysis: supply chain GHG emissions of liquid biofuels

Default supply chain GHG emissions were based on the average emissions reported in literature per
feedstock-carrier combination (Tables S1 and S2). As noted in section 13, we estimated minimum and
maximum supply chain emissions in our sensitivity analysis by taking half or double (50-200%) these
default emissions, which is more than the 60-140% range found in literature (following the approach
in Table S1, note b). Future BECCS supply chain emissions could for instance increase through more
long-distance transport of biomass, but could decrease through decarbonisation of the transport and
power sectors. For liquid biofuels with CCS specifically, there is an additional way in which supply
chain emissions could be reduced. In line with literature (Wetterlund et al., 2010; Koorneef et al.,
2012; Moreira et al.,, 2016; Sanchez et al., 2018), our study includes CO, capture from the FT-process
or fermentation step to ethanol, but excludes the capture of other, smaller flows of CO, at the FT-plant
or bio-refinery, e.g. from biomass or fossil fuel combustion for process heat or auxiliary power.
Capturing these flows would reduce supply chain GHG emissions.

When halving supply GHG emissions, supply potential of FT-diesel with negative emissions
increases up to 18%, while its supply potential at the emission factor of fossil diesel increases up to
26% (Figure S15a,d). For bio-ethanol with CCS, halving supply chain GHG emissions still does not
result in negative emissions, regardless of evaluation period. It does increase lignocellulosic ethanol
supply potential at the EF of petrol by up to 60%, when considered over an 80 year time horizon
(Figure S15e). This effect is smaller for sugarcane (Figure S15f). At shorter evaluation periods ethanol
supply potential remains minimal (Figure S15b-c).

Capturing the low-volume flows of less concentrated CO, from process heat and auxiliary
power would increase the energy penalty of CCS, which could reduce the benefits of additional CO,
capture. Yet, capturing the additional CO, would likely still cause an overall reduction of emission
factors. Therefore, if large-scale biofuel production with CCS is pursued, additional research is

required into the benefits of also capturing these smaller flows of CO, at the FT-plant or biorefinery.
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Figure S15 | Sensitivity of liquid biofuels with CCS to supply chain GHG emissions. a, Global emission-
supply curves for FT-diesel with CCS considered over a 30 year evaluation period, with either: low supply
chain GHG emissions (pink line) or high supply chain GHG emissions (red line), as compared to default
supply chain emissions (grey line; default values and ranges can be found in Table S1). b-c, Global emission-
supply curves with different levels of GHG supply chain emissions over a 30 year evaluation period, for
lignocellulosic ethanol and sugarcane ethanol, respectively. d-f, These same global emission-supply curves
over an 80 year evaluation time. Orange and blue lines indicate the emission factors of fossil diesel (94 kg CO,-
eq./Gls.e) and petrol (92 kg CO,-eq./Glse; Giuntoli et al., 2014).
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15. BECCS based on continuous cover forestry (CCF) in boreal forests

This study’s main analysis focuses on bioenergy derived from lignocellulosic bioenergy crops and
sugarcane. Growing these crops requires clearing original vegetation, but due to their high yields
(Figure S1) these crops still result in high bioenergy potential at low emission factors. In boreal areas
however, a different bioenergy feedstock may be more optimal, as boreal areas are typically
characterised by high natural carbon stocks and low potential bioenergy crop yields. The sustainable
management of boreal forests via so-called continuous cover forestry (CCF) leaves natural carbon
stocks largely intact, while also yielding biomass that can be used for energy generation (Peura et al,,
2018, Kuuluvainen & Gauthier, 2018; Parkatti et al., 2019). In CCF, only a fraction of mature trees is
periodically harvested, creating a naturally growing mixed-age forest with a large standing stock
(Parkatti et al., 2019). In this section we analysed whether in boreal areas CCF is a more optimal
BECCS feedstock than lignocellulosic crops, in terms of both reducing emission factors and increasing

bioenergy potential.

Approach

To compare CCF against our default lignocellulosic bioenergy crops, we created emission-supply
curves and emission factor maps for boreal CCF-based electricity with CCS. We focused on the
electricity with CCS pathway, as it typically results in the largest net sequestration of carbon. Emission
factors and bioenergy potentials for CCF-based BECCS were calculated following the approach and
equations outlined in the main text’s Methods section. Parameterisation was based on literature (Table
S6), except for CCF yields and carbon stocks which were also partially based on LPJml, as detailed
below. It was assumed that CCF forests are not fertilised and agricultural areas were excluded from
our analysis (see Methods).

CCF yields (in tonne dry biomass/ha/yr) were estimated spatially explicitly at 0.5°x0.5°
resolution across the boreal forests region, considering both natural forests and forests that are already
under some form of management (Figure S2). CCF yields were based on the aboveground wood
component of the 100 year average natural regrowth rates of boreal forests in LPJml. These growth
rates were calibrated using a factor 1.86 based on an extensive database of empirical observations of
the aboveground wood component of net primary productivity in boreal forests (Luyssaert et al.,
2007). This resulted in the potential yields of conventional boreal forestry. In CCF forestry however,
less wood is extracted from the forests and yields are reduced. Conventional boreal forestry yields
were therefore multiplied with a yield reduction factor fra of 0.82 (0.57-0.96 range; based on:
Tahvonen & Ramo, 2016; Peura et al., 2018; Parkatti et al., 2019) to determine final CCF yields (Figure
S16). Based on the lowest reported CCF yields in literature, grid cells with an annual yield below 0.5
dry tonne of biomass per hectare were considered uneconomical for CCF and excluded from the
analysis. Calculated CCF yields were typically in the 0.5-3 tonne dry biomass/ha/yr range in the
Fennoscandian peninsula (Figure S16), this is in line with empirical observations in literature for this
area, which range between 0.5 and 2.8 tonne dry biomass/ha/yr and average at around 1.5 tonne dry
biomass/ha/yr (Pukkala et al., 2010, 2011; Peura et al., 2018; Parkatti et al., 2019).

32



Hanssen et al. The climate change mitigation potential of BECCS Supplementary Information

The calculation of emission factors for CCF requires the difference in above and belowground
carbon stocks (AC in tonne C/ha) between a CCF forest and the natural regrowth benchmark at the
end of the considered evaluation time. Assuming a symmetrical sigmoid growth curve (e.g., logistic
growth), forests that are re-growing after a clear-cut have on average half the carbon stocks of a fully
regrown forest. Under conventional forestry, the reduction in aboveground carbon stocks at landscape
scale can therefore be estimated as % times the unharvested carbon stocks (as determined in LPJml).
Under CCF forestry, less biomass is extracted compared to conventional forestry, meaning that this
carbon stocks reduction is lowered by the yield reduction factor fres (0.82; see above). The landscape-
scale, steady-state aboveground carbon stock reduction for CCF forests can thus be estimated

following equation S2.

f
ACccr = RTed' Cunharvested eq.S2

Where: AC = carbon stock reduction (tonne C/ha), fres =factor by which wood extraction is reduced in

CCEF forestry (dimensionless), C = carbon stock (tonne C/ha)

The conversion of a natural boreal forest into a steady-state mixed age CCF forests would by
definition be gradual, as only a limited amount of trees are taken out per harvest. This conversion
takes the length of one conventional forestry rotation cycle (following Jonker et al., 2013), which is
assumed to be 100 years in boreal areas (based on Arets et al., 2011). During this period, the pattern of
carbon stock reduction associated with the gradual deployment of natural forests can be estimated by

the function described in equation S3.
t
f&) =t - (RT- 5) for: 0 < t > RT eq.S3

Where: t = time (in years), RT = rotation time (in years)

When equation S3 is scaled to the steady-state aboveground carbon stock reduction (equation S2) and
to the duration of the conversion (i.e., one rotation period), the landscape-scale aboveground carbon

stock reduction over time can be described by equation S4.

ACccr(t) = f];?) * ACccr for: 0 <t = RT eq.S4
I Gk ) B P
—  l.opr2 2 unharvested
2
t-(RT— g)
= RT?2 * frea * Cunharvested

This carbon stock reduction, as compared to a natural forest benchmark, was used to derive emission
factors for CCF (following the equations in the Methods section). Belowground carbon stocks of CCF

forests were assumed to remain the same as those of natural forests, following Lundmark et al. (2016).

33



Hanssen et al. The climate change mitigation potential of BECCS Supplementary Information

Table S6 | Parameterisation for electricity produced with CCS from boreal forestry biomass. Values are
means across literature and references per parameter are listed in Table S2. Yields and carbon stocks are partially
based on LPJml and are discussed in the (SI) text.

Parameter Abbreviation Value Unit

Biomass to energy carrier conversion efficiency® n 5.8 GJaec/t dbm
Conversion efficiency penalty due to CCS T 1.8 GJetec/t dbm
Supply chain emissions® EMsypply Chain 21°¢ kg CO,-eq./GJetec
Additional supply chain emissions CCS Emsupply Chain cCs 11 kg CO»-eq./GJetec
Biomass carbon content cc 0.50 tC/tdbm

t biogenic CO, captured

Carbon capture efficiency K 0.90 /£ CO; produced?

Loss factor® floss 0.92 dimensionless

Abbreviations | t = metric tonne, dom= dry biomass, FT = Fischer-Tropsch. Notes | a, The calculation of the
literature-derived biomass to final energy carrier conversion efficiency (‘conversion efficiency’) is explained
on page 4 of the supplementary materials. b, Supply chain GHG emissions include all GHG emissions along
the supply chain: from cultivation and harvesting up to transport handling and processing of forest biomass.
¢, This value is a weighted mean across literature, in which the value reported by Creutzig et al. (2015) is
weighted four times, as it is based on four previous studies. d, CO, produced refers to the CO, produced in
the power plant or refinery, and during liquid fuel use. e, The loss fraction refers to the fraction of biomass
that remains after losses along the supply chain.

{ I I I —

0 1 2 3 4 4+

Biomass yield (t dry biomass - ha! - year')

Figure S16 | Annual biomass yields from boreal continuous cover forestry (CCF). Yields are based on
natural boreal forest regrowth in rates in the LPJml model, calibrated with literature-based empirical net
primary productivity data and a literature-based CCF to conventional forestry yield ratio.
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Results

Figure S17a shows that over a 30 year evaluation period, CCF outperforms lignocellulosic crops as
boreal feedstock for BECCS electricity. CCF leads to a bioenergy potential of 3 EJ at negative emission
factors in the boreal region, compared to 0.5 EJ/yr for lignocellulosic crops. The main reason for this is
that under CCF management carbon stocks are much less affected and EFs are therefore lower
(compare Figures S17b-c). For lignocellulosic BECCS total potential is higher, however, but only at
very high EFs (larger than those of coal-based electricity without CCS).

Figure S17d shows that for an 80 year evaluation period, BECCS sourced from CCF in the
boreal region has a potential of 5 EJ/yr at negative EFs, while lignocellulosic crops have a potential of
around 30 EJ/yr at negative EFs. The sharp increase in bioenergy potential at negative EFs for
lignocellulosic crops originates from a strong reduction in EFs (Figure S17e), which is in turn caused
by amortising initial carbon stock losses over a longer evaluation period.

It is important to note that a literature-based minimum economical yield threshold was used
for both feedstock types (0.5 tonne dry biomass/ha/yr for CCF and 1.25 tonne dry biomass/ha/yr for
lignocellulosic crops, see the Approach and the general Methods sections respectively). CCF has a
smaller geographical range with yields above its threshold (compare Figure S17b/e vs. S17¢/f). We
therefore also compared CCF against lignocellulosic crops within the CCF range only (Figure S17a,d,
dashed grey lines), which showed that lignocellulosic bioenergy crops would still outperform CCF

over longer evaluation times, though the difference is smaller.

Implications

Using boreal CCF as a BECCS feedstock option increases our estimated global biophysical potential
for negative emission from BECCS electricity from 28 EJ/yr to 30.5 EJ/yr, when considered over a 30
year evaluation period. Over longer evaluation times, using CCF rather than lignocellulosic crops in
boreal areas reduces the global negative emission potential, e.g., from 220 E]J/yr to 195 E]J/yr over an 80
year evaluation period.

It is important to note that data on CCF is relatively limited. In particular, the regrowth rates
of trees form an important knowledge gap (Parkatti et al., 2019). Our results do, however, show a large
difference between CCF and lignocellulosic crops. This makes it likely that in the long run, from a
climate change mitigation perspective, lignocellulosic crops do not perform worse - and likely even
better than CCF. Previous work has also indicated that short rotation woody crops, including willow,
are well suited for cultivation in boreal areas (Weih, 2004). However, from a wider environmental
sustainability perspective, there are more trade-offs to consider. Recent research has shown that CCF
likely has several key benefits compared to clear-cut systems, including enhanced ecosystem
functioning, provision of ecosystem services, and biodiversity conservation (Lundmark et al., 2016;
Kuuluvainen et al., 2018; Peura et al, 2018), while also providing commercial opportunities
(McMahon et al., 2016).
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Figure S17 | Emission-supply curves and emission factor maps of bioelectricity with CCS from
different boreal feedstocks. a, Boreal emission-supply curves of bioelectricity with CCS over a 30 year
evaluation time based on: i) continuous cover forestry (CCF; green line), ii) this study’s default feedstock of
lignocellulosic bioenergy crops (grey line), or iii) lignocellulosic bioenergy crops grown only in areas suitable
for CCF (i.e,, where CCF yields would exceed of 0.5 tonne dry biomass/ha/yr; grey dashed line). Shaded
columns indicate EF ranges for alternative electricity generation technologies (Briickner et al., 2014;
Hertwich et al,, 2015; Table S2). b, Boreal emission factor maps of bioelectricity with CCS over a 30 year
evaluation time for lignocellulosic bioenergy crops, ¢, Boreal emission factor maps of bioelectricity with CCS
over a 30 year evaluation time for CCF, d-f, these same results over an 80 year evaluation time.
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