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Abstract. Stringentmitigation pathwayd$ramethe deployment of secorgkneration bioenergy crops coimed
with Carbon Capture and Storage (CCS) to generate negativen@ssions. This Bioenergy with CCS (BECCS)
technology facilitates the achievement of the loergn temperature goal of the Paris Agreement. Heeeuse
five stateof-the-art Earth Systermodels(ESMs)to explore the consequences of lasgale BECCS deployment
on the climatecarbon cycle feedbaskinder theCMIP6 SSP53.4-OS overshootscenariokeeping in mind that
all these models use generic crop vegetation to simulate BEGGE weevaluate théand coverrepresentation
by ESMsand highlight the inconsistencidsat emerge during translatiof the data from integrated assessment
models (IAMs)that are used to develop the scena®iecond, wevaluate the landse change (LUC) emissis

of ESMsagainsthookkeeping model$-inally, we show that an extensive cropland expansion for BECCS causes
ecosystem carbon loisat drives the acceleration of carbon turncamdaffectsthe CO; fertilization effect and
climate changarivenland cabon uptakeOver the200Q 2100period,the LUC for BECCSleads to amffsetof

the CO; fertilization effectdriven carbon uptake by 12.2&hd amplifies thelimate changelriven carbonloss

by 14.6%.A humanchoice on land area allocation femergy cropshould take into accountt onlythepotential
amount of thebioenergy yieldout also thdUC emissionsand theassociatedoss offuture potentiachang in

the carbon uptakd& he dependency of tHand carbon uptaken LUC is strong in the SSP3.4-OS scenario but

it also affects other SSP scenarios ahduld be taken into account by theM teams Future studieshould
further investigatehe tradeoffs between thearbon gaingrom thebioenergy yield and losses fraime redued
CO; fertilization effectdriven carbon uptakethere BECCSs applied

1 Introduction

All stringent future socigconomic mitigation scenaridsave negative emissions that rely on carbon dioxide
removal (CDR) technologies (Fuss et al., 20R&gdj et al, 218. CDR is important especially in overshoot
scenarios, in which temperature temporarily exceeds the given target, e.g., the Paris Agreement temperature target,
before ramping down as G@ withdrawn artificially from the atmosphef&ones et al., 20B6Keller et al. 2018;

Tanaka et al., 2021)
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Bioenergy with Carbon Capture and Storage (BECCS8hésofthe most coseffective CDR technoldgs(Jones

and Albaiito, 202Q Babin et al., 2021 In BECCS, atmospheric G@s capturedrom biomass growthand he
harvestediomasss then converted into bioenergy or directly combusted and a fraction of the carbon contained
in the CO, produced is recuperated argdstored in geological reservoirs without being released back to the
atmospheréCanadell and Schulze, 201BECCS is a nascent CDR tectogy that has not been proverdage
spatialscales. Its potental advantages include technical feasibility and a relatively low discounteéshdostire
decadeshat allows spreading mitigation efforts over a longer peffotlerson and Peters, 2016; Dooley et al.,
2018)

The limitations of BECCS are the requiremenipotentialy large land areas, loss of biodiversity, and the need
for extrawater and nutrientHeck et al., 2018; Séférian et al., 2018; Li et al., 20B&yides, BECCS may lead

to a large amount of carbon emissions from faed change (LUC), when bioenergy cropsgamvn overhigh-
carbon content ecosystems such as grassland antl (Glais et al., 2008; Gibbs et al., 2008; Schueler et al.,
2013; Smith et al., 20164arper et al., 2018)Vhitaker et al., 2018)The LUC emissions released due to land
conversion to bioenergy crops include immediate (direct) greenhouse gas (GH&desaissociated with the
destruction of biomasand slastduring LUC but also delayeg@hdirect) emissions from the decaystéimpsand

soi l carbon. These emi s s(Clarmetsal., 2a00% Fatgiene stald 20@8s Giblhceaal.,b o n
2008; Krause et al., 2018ecausdor BECCS to be carbon neutral, this loss of carbon must bebgaikl by
several cycles of BECCS harvest followed by carpenlogical storageassumed to substitute with fossil carbon
emissionsUsing lowproductivity marginal or degraded lands for the deployment of segendration bioenergy
crops (such as miscanthas switchgrass) reduces the carbon debt because such landsdsagbon to lose.
Further, soil carbon sequestratiam the long runmayeven be achieved with BECCS if nbarvested residues

of BECCS crops exceed the carbon input to the soil oh#tiwe ecosystems they substitu@ampbell et al.,
2008; Gibbs et al., 2008; Mohr and Raman, 2013; Whitaker et al.,.2018)

The issuewith putting seconebeneration bioenergy crops in lgwoductivity landss a need to invest large areas

of land (Jones et al., 2086 Smith et al., 2016)Currently, some land ecosystems act as a carbon sink primarily
driven by the CQfertilization effect on photosynthesind the carbon turnover in ecosystefs coplands,
unlike other ecosystems, haveniied potential to store additional carbon because the biomass is harvested
regularly, and as the new croplands have a lower soil carbon sfiticla shorturnovertime for soil carbonthe
largescale BECCS deploymentustaffectthe lindcarbonuptake although this has not been specifically looked
at in Earth System Model€£EMs) simulation resultsNo study to date has estimated the effect8 8€CCS
deployment on the terrestrial carbon cycle uratesvershoot scenario.

In this study, we estimate the impactlafgescaleBECCS deployment on the carbolimate feedback under

the Shared SocioeconomicPathway (SSPpvershoot scenario named SSRB-OS that include mitigation
policiesvia an increase in the land area covered by segemération bioenergy crops for CORurtt et al.,
2020) We usesimulations from fiveCoupled Model Intercomparison Project@VIP6) ESMs toestimate LUC

impacts orthe changes in land carbaptakeand carbortlimate feedbacks

d
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2 Data and mettods
2.1 SSP53.4-0OS scenario

The SSP8.4-0OS follows thehigh-emissionSSP58.5 scenario and branches from it in 2040 when aggressive
mitigation policies are implement¢dO6 Nei | | et al ., 2 0.IBedeldyes mitigatloraleadse n et
to an overshoot of the Paris Agreement 2 °C temperature limit. In addition to a dedbssil fuel emissions,

mitigation efforts after 2040 include the expansion of segmmkration bioenergy crop®f BECCS at the cost

mainly of pasture lands (Hurtt et al., 202There is no deforestation assumed after 20@16rderto preserve the

areas with high carbon content. Secgasheration bioenergy crops account for moghefew cropland areas

deployed after 2040.

2.2 CMIP6 ESMs

We use five CMIP6 ESMs that simulate the SSPBOS (Table 1). In addition to fully coupleximulations
(COU), biogeochemically (BGC) coupled simulations, where only changes in the atmospheranCéhtration,

and not the temperature, affect the carbpcle processes, are also provided as part of the Coupled Glimate
Carbon Cycle Model Intercoparison Project (C4MIP)Jones et al., 20b%. The combination of COU and BGC
simulations allows us to study carbolmatefeedbacksThe BGC simulation outputs indicate the changes in the
carbon fluxedriven bythe CQ fertilization effect the difference between COU and BGC simulations indicates
the changes in the carbon fluxes driven by climate change.

The LUC emissions in the ESMs can be estimated as the differemed biome productionNBP) between
simulatins with and without landise changéhat isbetweenthé hi st or i crad losin@latidns fortthie s t
historical period However, simulation pairs for future scenarios such as S3P8S are not usually available.

T he i fndtaarbobmassflux intotheatmospheralue toLUC) variable provided by some ESMs enables an
alternative way tancompletelyquantify direct LUC emissions that include deforestafimomass loss during
deforestation)wood harvestand the release of GOy harvested wood prodiscbutexclude forest regrowttand

legacy soil carbon decay gains Three models, IPSICM6A-LR, CNRM-ESM2-1, and UKESM10-LL under
consideration, providhev ar i abl e Af Lucodo (Table 1).

Gridded CMIP6 data, with t he adusteddypsubtracting thef lotggnhpe Af Luc o
industrial linear trend from the control (piControl) experiment at a grid level. We used the anomalies relative to
the branching year values (indicated in TaBl§ for changes in carbon pools and ldegn mean ontrol

values for changes in carbon fluxes.

2.3Methodology

ESMs do not provide necessary outputs to diagtiesepecificcarbon fluxes generated from the transitions to
bioenergy crops: 1) they do not treat energy crops expllmitftyather use a generfcropd vegetation type, itself
being a grass with a higher photosynthesis rate in some majieiops only cover a fraction (tile) of a model
grid box, and 3) the soil carbon poolisually not split intdiles for eachvegetatiortype in land surfae models.
Hence there is no perfect way to diagnose such flidespragmaticallydecompose the global changes in land
carbon uptake to the contributions that are LWDd noLUGinduced by using three different approaches

described below.
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Inthefi f L uc o 41y p rwoea cehx fadco i wartihaeblfie provi ded by most model

Theglobalcarbon flux,NBP that includes changes in ecosystems both with LUC and noLUC effentalated
over time,approximates the changes in the land carbon dduls, cumulative NBP + fLuc (because NBP and
fLuc have opposite sign conventions with NBP positive sink to land) approximatesahgesn the land carbon
pool ofnoLUC ecosystems.

I n the ficropl and twe divds thedglobdabland graate emeagydiop-dorcéntrated and no

energycrop (notenergycrop-concentrated) gridells by taking into account their evolution after 2015. Hurtt et
al. (2020)r eported that after 2040, c r o-pchladeploynaent @fasscond x pand e
generation bi oen eutaq gensdivity gudyd(Text Al taloehtnergiven grictell as crop
concentrated if the cropland fraction of the grédl is larger than a given threshold. In the sensitivity analysis, we
examine a range of pe2015 cropland fraction thresholds of the grid box area and sele@E#id-specific)
thresholds that best approximate the total cropland area change 220Q0%liagnosed by each ESM.

Under this approach, the treatment of LUC and noLUC lands and the attribution of the Lti€aifthe carbon
uptakethat arerelevant to BECCS ataoth spatially explicitThe disadvantage of this approach is that by sampling
an arbirary fraction of cropconcentrated grigells, we inevitably omit some carbon changes in cropland or
encroach carbon belonging to Rorop vegetation

I n the fAtwo si mu,lwaperfamed additomapISEbd0Shscehfadiq simulations by IPSL
CM6A-LR and MIROGES2L. In addition to standard SSB2-OS and SSRB.4-OSBGC simulations, we
performed simulations in which land use is held constant corresponding to the 1850 usag8.4&¥P5
noLUC1850 and SSP3.40SnoLUC1856BGC). In addition, usig IPSLCM6A-LR, we performed
simulations with 2040 land cover usage (SSRBOS-noLUC2040 and SSP3.4-0S-noLUC20406BGC). The
difference in NBP between simulations with and without LUC indicates LUC emissions, whidbnaireated by

bioenergycrops area&xpansion after 204@nlike in approaches (1) and (2), the term LUC here incorporates a
carbonsourcec al | ed t he fAl oss of additional sink capacityo (
(Gasser and Ciais, 2013; Pongratz et al., 2014$C is a change in carbon flugr a foregone sinkn response

to environmental changes on managed land compared to potential natural vegetatiapproach (3ccounts

for the indirect LUC emissions while the approaches (1) and (2) do not.

3 Evaluation and data consistency

The SSPE.4-0Sis a concemationdriven scenario based on the implementation of SSP5 in the REMIND
MAGgPIE integratecassessmemodel(IAM ) (Kriegler et al., 2017; Meinshausen et al., 20B@uer et al(2017)
Popp et al(2017) and Riahi et a2017)provided addtional detailsonthechangesn energyandlanduse Hurtt

et al.(2020)provided the changes ilmndusein acoherent gridded format required for ESiMgsheHarmonization

of Global LandUse Change and Managemestsion 2(LUH2) project.In LUH2, thehistorical datgup tothe
year 2014pased orthe History of the Global Environment database (HYDHBY future scenarios (2015300)
based on IAM are harmonized to minmathe differences between tkad ofhistorical reconstruction and 1AM
initial conditions (Hurtt et al., 202Q) The harmonization processhowever, is expected to resuft some
mismatches betweenUH2 and the IAMduring the early stage of the pe®014 period First, we check the
consistency of the global and regional cropland and otherdiatel areas reported REMIND-MAQPIE, LUH2,



151 and CMIP6 ESMs. Second, we evalual@bgl and regional historical LUC estimates by CMIP6 ESMs against
152  threebookkeepingpproaches

153 3.1Consistency of cropland area between REMINEMAQPIE, LUH2, and ESMs

154  Under the SSRB.4-0S pathwaythecropland areincreasedy 8.1x106 ki (~50%) from tle 2010 level in the

155  21st century to 210@Hurtt et al., 202Q) The global cropand areamodeled by REMIND-MAgPIE and

156 downscaled by LUH2 increases dudhie expansion of secotgkneration bioenergy cropbhe global cropland

157 areas hyREMIND-MAgQPIE andLUH2 are largely consistent witaslightly larger area of crops BREMIND-

158 MAgPIE till the 2050s (eaching0.6 x 1P km? in the year 280) and a larger area of crops by LUH2 in 2060

159  2090s Figurela). Unlike theREMIND-MAgPIE, LUH2 simulates a slight reduction of forest area (by 1.3% 10

160  km?in 2100from 2010level). Theglobal cropand area il.UH2 is lessthan inREMIND-MAgQPIE by 0.3 x 1C°

161  km?in 2015 andlarger by 2.9 1 km?in 2060that is14% ofthe total cropland areazf 20.7x 1 km? by LUH2

162 in 2060 (and corresponds ta 43.4% increase from the 2015 levaind may causadditional uncertainty in

163  estimates of the BECCS area and LURDirther,ESMs implement the global and regional gridded cropland

164  fractions following LUH2 and using their own land cover map (Fidumewith anexception olUKESM1-0-LL

165 thatreports an evolitn of the global cropland area smaller than those of other EBNsdeviation of JKESM1-

166  O-LL mayoccur becausef its specifications ithetreatment of croplands atidemo d e | bias(preaipitation

167  deficit) in India and the SahégBellar et al., 2019)While the modeluses the LUH2 data to prescribe an area

168 available for cops to grow in, this area covered by the crop PFImly if the moded slimate is suitable for the

169 grass PFTsotherwisethearearemairs bare soil.

170  Aside from the deviations in total areas of lader typebetween REMINDMAQGPIE, LUH2, and ESMs listd

171 aboveadi screpancy ari ses fr onland doer typespol etnheen tEAS Mbdosn polfa nLtU H
172  types (PFTs)Nevertheless, ostCMIP6 ESMsproducecroplandsareaconsistent with LUH2. However, tleeher

173  vegetation classes of LUH2 (e.g.rdéstd lands, notforested landspastures) do not match the RFof ESMs

174  because most ESMs decided to use their own land cover map rather than used the LUH2 one for these ecosystems.
175  First, spatial distributions of vegetation classes ardlyigissociatedvith climate and biogeochemical processes,

176 and thus, the replacement of the vegetation covers in ESMs would lelgéochanges in the model

177  performances. Second, somedsk that include ynamicvegetationlike UKESM1-0-LL , predict thevegettion

178  distribution changeand sometimes the predicted distribution doesaiicidewith theone prescribed by LUH2

179 Besides, the pastures of REMINDAQPIE are translatedto two landuse states in LUH2pastures and

180 rangelands. Whil¢heyare treategrredominantlyas lowproductivity areas in REMINEMAgQPIE, this may not

181 be a case in ESMs, where pastures and rangelands may correspond to grasslands and perhaps to shrublands (if
182  this land cover exists in an ESNBome ESMs do natistinguishpastures and rgelands because of taebiguity

183 intheir definitions. Likewise, theSSP53.4-OS scenario involvelargescale secondeneration bioenergy crops

184  whose benefit is the capability to growins@a | | ed fimarginal 0 | ands (Krause et
185 inconsistency in the definition danduse and landover tilesbetween IAM, LUH2 and ESMs may have

186  implicationsfor the interpretation of the scenario.

187  We shed light on an issue of inconsistency when translating LUC from IAMs into LUH2hemjinto ESMs.

188  Overall, implementation of the LUC scenario of REMINMDAGPIE to first, LUH2, and then ESMs leads to a

189  consistency lossf simulated scenariduring the harmonization procegsirther, heland cover representation in
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ESMs is subjective and d#fert from the IAM and LUH2 mainly because ambiguityin the correspondence
betweenanduse andregetation typelefinitions. This problem requires thorough attentiespecially in ESMs

and IAMs intercomparison studies

3.2Evaluation of land-use changeemissions

The global and regional LUC emissions estimated by ESMs were evaluated against three bookkeeping models for

the historical period, nameBLUE (Hansis et al., 2015HN2017(Houghton and Nassikas, 201@hd OSCAR
(Gasser et al., 2020The models differ in thepatial units (spatially explicit, country level, regiomvel),
parametrization, and processpresentationgFriedlingstein et al., 2020; Gasser et al., 2020)like other
bookkeeping models, OSCAR also repoit&bC in LUC estimates buhe utilized versiomlid not include peat
emissions.

Unlike the difference in NBP between simulations with and withdd€,th e Af Luc o vari abl e
the direct LUC emissions arabes not account fall the fluxes reported by bookkeeping models, e.g., forest
regrowth and slash and soil organic mattecad/, as well akr shifting cultivation and degradatigioughton

and Nassikas, 2017 hus, its values are expected to be lower.ua&an average of multiple realizations when

acc

provided by the model teams (detailsin TaBle) . The evaluation targets esti ma

and Atwo simulationso approaches.

We found thatESMs tend to estimate lower global LUC emissions thaokkeeping modeley b ot h Af L uc

variable and At wo @EiguneR)l Bhis iisacemarkableaip the tbreectropical regions that
dominate global LUC emissions since the 1960s, and particularly South and Southeast Asi&{ibutd60
2014 on averagdyookkeeping modelsstimate thathree tropical regions account f88.8 + 2.3%of global LUC
emissionswhile ESMsestimate that they account for 833.0% based orsimulations with and without LU@nd
40+ 15% based onhefi f LUCO vari abl e.

LUC emissionestimatedyy MIROC-ES2L (for which only LUC emissions derived from simulationsth and
without LUC were available) are the most consistdttt the estimates of bookkeeping modatsong considered
ESMs (see alsbiddicoatet al.,2021). We excluded the estimates of LUC emission€b}RM-ESM2-1 based
onsimulations with and without LU@nd byUKESM1-0-LLbase d on #Af Luc 0 CENRMEBESM2h e
1 estimates much lower LUC emissiodsrived from simulations with and without LUtBan otherESMs
possiblybecaus¢he CMIP6 version of the moddbesnot includea harvest modulg.e., croplandaremodeled
asnatural grasslarg{Séférian et al., 2019andcropland soils continue to be loaded by harvest inplKESM1-
O-LL estimatesmplausibly lowLUC emissionslerived from théi f L uaciable

The LUC emissions estimated by the two approaches differ remarkably cheotsistenti f L defiritions
among model¢Gasser and Ciais, 2013)e call for a cleareand more rigoros definition of this variable in
future MIPs so that model outputs can be compared on the sameAsas@me examples for improvemgewe
suggest that model teams provielicit detail of processes that contributeitbuco, e.g., direct deforestation

and wood harvest emissions, decomposition flux, as well as indirect emissions, e.g., per each PFT.

3.3 Evaluation of land-use change emissions from BECCS deployment

Theincreased_UC emissions to account for BECG®e apart of total carbon budget calcutats in the |IAM

scenario We comparedUC emissions by different approaches using ESMs with LUC of REMNNAYPIE

anal



228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246

247

248

249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265

(Figure S2)While the IAMs design the scenario in a way that the benefits of BECCS exceed the carbon losses
from LUC, the ability of IAM to acarately estimate LUC emissions includilegacy emissions questionable

In the SSP53.4-0S scenaricche REMIND-MAgPIE estimates lower LUC emission compared ESMs

BECCS dominates negative emissions in the SEB®S pathwayWe confirmed that BECCS is predominantly
deployed inlow-carbon uptakareas by comparing the changes in carbon pools and NBP globally ard crop
concentrated areas (FiguB3). Because bienergycrops are deployed in leearbon uptakeareasand they
dominae LUC emissions in the 8icentury the NBPover crop-concentratech r eas deri ved by t he
t hr es hol dapprogimapsmglobal tWC emissions The comparison of NBP in cramncentrated grids

with the original LUC emissions d¢fie REMIND-MAgPIE IAM scenario confirms aimilar trendbetween 1AM

based global LUC emissions and ESh&sed global temporal NBP changes in the -mpcentrated areas after
2040. The strong correlation is evident in three ESMs, na@ahESM5, UKESMA0-LL, and MIROGES2L
(correlation coefficient is 0.72 for the 2Q128L00 period)The carbon loss in therop-concentrate@reas over the
21stcentury period averaged over these three ESMs reaches 37.8 + 30I3vGtGodels, IPSECM6A-LR and
CNRM-ESM2-1, however, do not capterthe increased carbon loss after 2040 perhaps due to low estimates of
LUC emissions from crop expansion (especi@MRM-ESM2-1) or overestimated uptake by-h&JC areas
(Figures2, S1). Besides|PSL-CM6A-LR simulates the lowest ecosystem carbon pook@apy in soils Arora

et al., 2020rhat may lead to relatively small LUi@duced carbotossesvhen cropland areas expand. Thus, the
estimates of LUC impact on carbelimate feedbackdrom IPSL-CM6A-LR and CNRM-ESM2-1 needto be
considered with thabovementioned caveats

4 The impact of LUC from bioenergy crops expansiomn the carbonuptake
4.1 Differences inLUC impact on carbonuptake estimated by three approaches

We use the estimates of the LUC impaatsglobalcarbonuptakeby IPSL-CM6A-LR and MIROGES2L to

compare the three approaches described iftoge23. The estimates of both models and three approaches show

that the LUC impacts lead to a loss of carbon fluxes (Figure 3). The losses from LUC surpass the benefits from

the CO; fertilization effect so that thé.UC ecosystems beconmaecarbon source to the atmosphd@rdne ficr opl and
threshol do, twoapprodches, sepammtesoctoptemacentrateédnd necrop contributions spatially.

Thus, the estimatechanges ircarbonuptakeare areal cumulativander the "cropland threshold" approatrin

the other two approaches, in contrast,changes in carbon fluxese calculated in each grigll for both LUG

dominated and noLUC ecosystems, so tlaabon change of these two lansecategoriesnay partlyoffseteach

other.
A |l arger |l oss i s gnedB500 fhese emmuaionicilde LASG ang legacy soil
emissiongFigure3a). I nter medi at e | o sthisapmoadinclades offilyfirhmédiatédirec® c a u s e

carbon loss. Lower carbon losses correspottided ¢ r o p | a n dapprdactiteasalsmiriclddés a carbon sink

in natural ecosystems over selected grid cells and misses initial carbcamibgsii t wo s i sincé2a0t4i0odn s

that misses legacy éssions of activities before 204The larger carbon lossesthefit wo si mul ati ons
18500 thefiamoi i mul at estimaesalsoirenealdéhe RridpdrOetfects of LUC.

In the case ofPSL-CM6A-LR,the fAcr opl and t $imuatomsonte@0d® aagpg pfiobwoches pro
similar estimates of LUC impact @umulative land carbouptakebecause these two methods target the changes
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in the carbon fluxegarticularly due to cropland expansion for BECCS in thgt 2éntury. MIROGES2L that
accounsfor gross LUC emissiondiddicoat et al., 2021produce similar estimates dfUC impactb y ficr opl and
threshol do an dincélt8wo0 0s i anpupl ract ai cohness .

4.2 Temporal impacts of LUC on global carbon uptake

Figure4 illustratesthe attribution of global carbon fluxes to LUQor cropconcentrated) and A0JC (no-crop)

ecosystems by five ES8and three approachésee Figure S4 for the results, specific for each ESM and
approach)The largescale deployment dfioenergycropsevenon low carboruptakeareascauss a carborloss

from the ecosystenT.he negative valuasf the carbon fluin the CO, concentration only simulationdicate the

domination of the LUC losses over the {féxtilization effectdriven carbon gains in the ecosystems.

For the ficropland threshol do appr oRSt-BM6A-tRaeadCNRM-0r i ty o
ESM2-1 (see section 3.3), agree that cropland expansion causes a decrease G@ldrtilization effectdriven

carbon uptakeespeciallyin cropconcentrated grids which lose carbon from LUC. Cropland expansion for

BECCS may also contribute to the glbloimate changealriven carbonloss However, these changes are small

intheincr opl and threshol do and abs e octursibecausiethleU @d Laistoi matr e ¢
involves only direct LUC changes such as deforestatvond harvestandsoil carbondecay On top of it, earlier

findings show thatheESMsdo not realisticallyepresenthedynamicsof soil and litter carbon after LUBoysen

et al., 2021)The LUC carbon losss faoa BECCS deployment cannot be overridden byiticeeased Coeffects

but theycontributeto thecarbon losses driven by climate chan@eerall, thethree approaches and five ESMs
demonstrate that tiRECCS expansion under the SSP8-OS pathwayresultsin 42.55 + 41.08 GtJoss that

corresponds to 12.2% of noLUTO; fertilization-driven uptake antb anadditional13.00 + 12.27GtC loss that

corresponds to 14.6% of noLUlimate clangedriven lossover the 20002100 periodTableS2).

4.3 Spatial variation of impacts of LUC on globalcarbon uptake

We investigated thepatial variation oEUC impact orthe land carbon cyclasing simulations with and without

LUC by MIROGES2L andIPSL-CM6A-LR (Figure5). Two models show thahé carbon uptak&ecreasgin

the BECCS areadue to LUC emissionsgven though the SSP%4-OS scenario is designesd thatBECCS
utilizeslow carbonareas to cause the least possible impact on the carbon sink in unmianaggbese BECCS

areas lose thel€O; fertilization-driven carbon uptak@otential but do not escagémate changelriven carbon
lossesin the SSP8.4-OS scenario, secorgkneration biofuel cropland areas estimated by LUH2 reach nearly
6% of global landpotentiallyvegetagd) area in 2100. Assigning such vaseas to bioenergy cropseven if

they correspond to lowarbon content ecosystemsffects the land carbon uptake and the global carbon cycle
feedbacksThe decision on the assignment of these areas for energy crops requires assessment of bott the curre
state of the ecosystem, e.g., the carbon content in vegetation and soil, and the future potential increase in the
carbon uptake. Thienpact of LUC on the carbon cyclshould be accounted for in developing future mitigation

pathways so that the benef@6BECCS are not minimized hifie carbonlosses
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5 The carbon cycle feedback frameworkperspective

The CO; fertilization effect and climate changdriven changes in the carbon fluxes astdrage may be
expressedshand o feedback parameters per aacmintcenhamde D ni o
and surface air t e mpoaeseatal.u20kb; Frigdiingsteinetals 2020¢ Zzhany et dl. y2021)

Here the temperatureghange is taken as a proxy for the response of the ecosystem carbon storage to climate
change The carborconcentratiorb (GtC ppm?t) andcarbonclimateo (GtC °C?) feedback parameters can be

estimated using BGC and COU simulation outgBrsedlingstein et al., 2006; Gregory et al., 2009; Jones et al.,

2016; Melnikova et al., 202Zhang et al., 2021

Mo (1)

.Y yy ' @)

wh er gscapCd cogifticate the changes in the land carbon pool (or cumulative uptake) in BGC and COU
simul ations, resgprect plfel(f,r oan COPCO® uns) i ndi gcate the
concentration and mean surface air temperature, respectively, all reported changes being relafiveustiise

level (piControl).

The carbon cycldeedbackramework is often compared eten ESMs in idealized scenarios (such as 1%CO

increase), and thé a nfdedback parameters / metrics a@assumed to be pure response to the €0
concentration and temperature changgsplying ths frameworkto nonidealizedand more socially relevant

scenaris provides another perspectivier understanding the changes in the carfbaxes under more realistic
evolutions.Previously,Melnikova et al. (2021appliedtheb  a rirameworkto the SSP5.4-OS scenaricand

showed an amplification of tHieedback parameters after the G@ncentration and temperatyseaks due to

inertia of the Earth systeniere we performed agstimation ofthdd and o f ee dtb mvedigatgear a met ¢
theimpacts of the LUC on the behavior of the feedback parameters.

Note, in the casef the overshoot scenaripg the CQ concentratiorand temperaturehange duringtheramp

down periodventto zerq the definitions described in equatsdnand 2vould become invalidAlthough because

in this studythe change in C&concentratiorandthetemperatura@ever goes taero(in the SSP53.4-OS before

2300, andthe feedbacks parameters can safely be calcylgtedimitation should be taken into account.

Theland carbon uptake andthe and o f e e ddrenaffdctedpon LtU&sm thattlieey are lower in the

simulations with LUC (Figure 6Moreover the difference in thé parameter estimated by SL-CM6A-LR in

simulations with LUC and without LUC aftéhe year 2040 suggests thaven onlyLUC for bioenergycrops
expansionaffects the hysteresis behamioof the carbon cycle feedback parameters under decliGiBg
concentratiorand temperature.

To date the LUC impacts othe carbon cyclehave not beemcluded intothdband o f eedb,amdk f r ame
the LUC emission@rediscussed as an anthropogenic forcing separately from the feedbacks of land ecosystems

to the changed C{and climateHowever, thebh  a rpatameters canot be decouple@ither from the state of

the land use, or from the piredustrialstate of land cover, or from other model structural parts, leading to a value

for equilibrium carbon stocKThere is an interplay between land cover and the model's response;taG®dD

climate) that has been demonstrated mathematically in Gasser &ZTia®)é&nd defined asASC. Gasser et al.

(2020) quantified iasa foregone sink of about 30 GtC over the historical period. But this value can only increase

as future CQwill be much higher than in the past.
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In a broader sense, the lacdver and landise associated differences in the initial conditions of ESMs simulations

influence the estimates of global carbon cycle feedback parameters even under idealized pathways. The
divergences in the priedustrial land covers among ESMs lead to spatial differeriic the ecosystem carbon

stocks (e.g., ESM with larger forest cover has larger land carbon pool size). Furthermoreirttiegtrial levels

of ecosystentarbon stockvary among models even for identical lacmver typesThe est i mated gl oba
feedbackparametes involve these landoverrelated uncertainties. Future studies should address the issue by

benchmarking the sets of idealized experiments with different types ottargal and landise changes.

6 Conclusion

In this study, we investigate the impacts obioenergy crogleployment on thearbon cyclainder an overshoot
pathway.In the evaluation part of this study, we highlighted some inconsistencies in theskstates and their
temporal transitions between the REMINIDAGPIE, LUH2, andESMs.Thesedifferences arise from differences

in process representatioasd initial conditions, as well ésnd-use and landover tiles definitionsicross models

The inconsistencies should be taken into account in catipastudiesof IAMs and ESMsFurther work will

be requiredo addresshe issue of the level of inconsistency between the 1AMs, LUH2, and ESMs that should be
tolerated to have confidence that ESMs and |AMscribehe same scenario.

We exploit five ESMs and three approachestowthat cropland expansion for BECCS causes a carbon loss
even in lowcarbon uptakdéands andeduce the future potential increase in the global carbon uptake via LUC
impact on thecarbon stock, and thearbonconcentration and carbaimatefeedbacksUnde the SSP5.4-0OS,

the LUC emissions from BECCS deployment cause a decrease in GlOp&rtilization effectdriven carbon
uptakeandincrease thelimate changearivencarbon loss

Our results are consistent withe IPCC special report on climate cliggnand land(Shukla et al., 2019nd
highlightthe need for considering tragdés in BECCS deployment and other lamsks but, to some extent, they

go beyond this assessment by considering the implication of carbon cycle feedbacks. Our work slaoeasthat
best suited for BECCS should also be assesstdn terms ofther potentialamount of thévioenergy yieldand
potertial future impact on thearbonclimatefeedbacksFuture studies need to further investigate the potential of

BECCS to provide negative carbon emissions with little loss of storage fraote
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398  Appendix
399 Text Al. Sensitivity study for deriving the crop-concentrated grid thresholds

400 Neither IAMs nor ESMs provide BECG®lated LUC emissions. Separating BEC@fted emissions from all

401 other LUC emissions is virtualiynpossible due to spatial heterogeneity and many complex factors that affect the
402  bioenergycrop deployment.

403 ESMs do not distinguish secoiggneration bioenergy crops from other crops in CMIP6. Moreover, the cropland
404 areain ESMs is defined at a sghd scale (i.e., on a fraction or tile of a grid box). Because-laswl states (e.g.,

405 forest, crops, pastures) vary in productivity and, thus, carbon uptakes and becaulagnedsis do not provide

406 NBP estimatest thesubgrid level, to estimate the areadaoarbon fluxes of the biofuel crops in ESMs, we
407  assume that all croplands deployed after the 2040s are for sgenarhtion biofuel crops (Figurel). We label

408 the given grid of CMIP6 simulation outputs as cagmcentrated if the cropland fraction oétrid is larger than

409  a given threshold derived via a sensitivity analysis (Fidure

Is the grid crop- < threshold | No-energy-crop ‘ — B andy of no-crop grid
dominated or >
natural? > threshold | Energy-crop-concentrated \H- B and y of crop-concentrated grid

410

411 Figure Al: A schematic presentation of the sensitivitystudy for estimating the carbonclimate feedback parameters
412  over the energycrop-concentrated and neenergy-crop grids.

413  We examinedime-invariant cropland fraction thresholds ranging from 25% to 45% of the grid box area and
414  selected a range of thresholds thast approximate the change in the total cropland area of each ESM in 2015

415 2100 (Figure R). Here we choose the fitting period of 202300 because a shorter period (201D0) would

416  result in dower threshold during the 205Q060 period with a large glabcropland increase. More specifically,

417  we selected a range of thresholds with a<lt&p so that they intersect at least once either the global cropland area
418  estimated by ESM itself or LUH2 data set from 2015 to 220Bough the selected ensembles ak#holds are

419 time-invariant, the resultant cropland area increa®és.find that for a later period (end of theSZEentury), a

420  higher threshold is required because both the spatial coverage (the number of grid boxes that have crops) and
421  cropland concendtion (a grid fraction of cropland) increases (Figug.A

422  We confirmed the spatial distribution of the minimum and maximum selected thresholds of-ewgrgy

423  concentrated grids against sghd scale ESM and the LUH2 estimates of cropland area (FARjre

12
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Figure A2: (a) The croplandfraction thresholds ranging from 25% to 45% of the grid box area analyzed in the
sensitivity study and (b) the selected (resultant) range of thresholds for identifying the energyop-concentrated area
with the selected range for each ESM indicated in the table Panel (¢) shows he cumulative NBP of the areas
corresponding to the range of cropland thresholds from 1 to 100% (left dark to right light color) in three periods.

a) Crop fraction (LUH2) Biofuel crop fraction (LUHZ)

_

0 8 16 24 32 40 48 56 64 72 80
%

Crop fraction
c) IPSL-CMBA-LR
. i

CanESMS5 UKESM1-0-LL MIRCC-ESZL

MIN crop fraction threshold
d)  IPSLCMBALR

MAX crop fraction threshold
a) IPSL-CMBA-LR

Figure A3: Spatial variation of (a) grid cropland fraction (b) and seconegeneration bioenergy cropland fraction by
LUH2. Panel (c) shows thepatial variation of grid cropland fraction estimated by CMIP6 ESMs. The atial variation
of the selected (d) minimum and (e) maximum thresholds (that intersect &east once either the global cropland area
estimated by ESM itself or LUH2 data set from 2015 to 2100 as shown in Figu#d) for estimating crop-concentrated
grids in 2100.
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Tables & figures

Table 1. Major characteristics of the Earth system models.

ESM* Reference Land carbon Inclusion  Processes Treatment of. UH2 pastures
modeland of Af includedto and rangelands
resolution AifLuco
IPSL-CM6A-LR (Boucheret ORCHIDEE, Yes deforestation ~ Pastures correspond to grass
al., 220) br.2.0 PFTs, rangelandsnatural
144 x 143 PFTs
CNRM-ESM2-1 (Séférianet ISBA-CTRIP Yes deforestation  Pastures correspond to
al., 2019) 256 x 128 decomposition grasslands, rangelantiso
shrubs
CanESM5 (Swartetal.,, CLASSCTEM No Not treated. Can be grasslands
2019) 128 x 64 or shrubs
UKESM1-0-LL (Sellar etal.,, JULESES1.0 Yes deforestation ~ Pastures are managed
2019) 192 x 144 (excluded) woodharvest  grasslands; rangelands
decomposition correspond to natural PFTs
MIROC -ES2L (Hajima et VISIT-e No The fAiclosed pa
al., 2020) 128 x 64 firang émhamnald 0

vegetation, cabe grasses or
shrubs that get impact from

grazing pressure

*DOls of simulations by each ESM are provided in Tehle
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Year Year
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Figure 1: Time series of(a) the changesin the area of croplands, pasturesand forestsaccording toREMIND -MAgPIE
and LUH2, and (b) the area of croplandsin LUH2, REMIND -MAgPIE, and five CMIP6 ESMsunder the SSP53.4-0S
pathway. In panel (a), pastures and rangelands of LUH2 are treated together as pastures.
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Figure 3: Cumulative land carbon uptake from the year 2000in LUC -concentrated (solid lines) and noLUC (dashed
lines) ecosystemsstimated bythree approachesby (a) IPSL-CM6A-LR and (b) MIROC-ES2L.
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Figure 4: Interannual variation of global (a, b) land carbon uptake and (c, d)cumulative carbon uptake in LUC -

concentrated and noLUC ecosystemgiven as mean and starard deviation (shaded area) ofive ESMs andthree

approaches.Panelsa and ¢ show BGC simulation outputs, and panels b andl show the difference in COU and BGC
simulation outputs.
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Figure 5: Spatial variations of thecumulative over 2040i 2100 periodcarbon uptake by (a) IPSL-CM6A-LR and (b)
MIROC -ES2L givenfor the fully coupled simulations with and without LUC. The negative values indicate less sink /
larger source from land to atmosphere(c) The bioenergy crop ar@in 2100 from LUH2.
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