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* What is the global potential of land-based carbon

mitigation in the 21st century?

 What are the associated land requirements?
 What are the implications for the agricultural sector?
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Objective function: minimization of total global costs (recursive dynamic)

Model input Costs: land conversion, TC,
Food demand ) .
transportation, labour, capital
Crop vyields Water
Sl IE Carbon density availability

Endogenous processes
Land-use change (LUC)

Technological

change (TC) Cropland Forest Relocation of
_ — Other | € production
Crop yields Pasture
land
Model output Land-use LUC CO2 -
. Yield increases
patterns emissions
Global level Regional level Cellular level
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e Global CO, price as economic incentive for
e Avoided deforestation (LUC CO, emissions * CO, price)
e Afforestation (neg. CO, emissions * CO, price = cost reduction)
e Costs for forest established, management and monitoring

e Indirect costs for investments in TC to free up agricultural land
for afforestation

o Afforestation decision is based on a time horizon of 30 years
e Limited foresight for carbon sequestration

e Afforestation is implemented as managed regrowth of natural
vegetation
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Growth curves for climate
regions based on Chapman-
Richards volume growth model
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e Exogenous
e Bioenergy demand on top of food demand

e Endogenous
e CO, price as incentive for deployment of bioenergy with CCS
e Capture rate and conversion efficiency determine CDR

e Land-use costs for bioenergy production, and costs for CCS
infrastructure and sequestration
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Chap Il Land use protection for climate change mitigation
A. Popp, F. Humpenoder et al. (2014), Nature Climate Change

Chap Il The global economic long-term potential of modern biomass in a
climate-constrained world

D. Klein, F. Humpendder et al. (2014), Environ. Research Letters

Chap IV Trade-offs between land and water requirements for large-
scale bioenergy production

M. Bonsch, F. Humpendder et al. (2014), GCB Bioenergy

Investigating afforestation and bioenergy CCS as climate change
mitigation strategies

F. Humpendder, A. Popp et al. (2014), Environ. Research Letters

Land-use and carbon cycle responses to moderate climate change:
implications for land-based mitigation?

F. Humpendder, A. Popp et al. (2015), Environ. Sci. Technol.
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At what CO, price are afforestation and bioenergy with CCS
deployed?

How much land do these two options need for how much
CDR?

How much intensification would be needed for maintaining
food production simultaneously?
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Average annual yield-increasing technological change by 2095

0.48 %/yr 1.21 %/yr 1 %/yr 1.37 %/yr
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Global land cover [10° ha]

e Afforestation requires about 5 times as much land as
bioenergy with CCS for similar CDR by 2100

e Sensitivity of land-based mitigation to CO, price, planning
horizon (limited foresight), CCS capacity and bioenergy yield

Humpendoder et al. (2014), Environ. Research Letters
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Crop vields

Carbon
cycle

Q

Vegetation dynamics

Land-use

 What are the direct and indirect effects of moderate climate
change (RCP2.6) on terrestrial carbon stocks?
 What are the implications for land-based mitigation?
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Two dimensions

e Land-based climate policy

e LCP: CO, price as incentive for afforestation / avoided
deforestation

* NoLCP: No CO, price
e Climate impacts on the land system

e RCP2.6: Crop yields and carbon densities derived by LPJmL for
RCP2.6 (incl. CO, fertilization) based on five different GCMs

e NOCC: Crop yields and carbon densities are static at 1995 levels

> Motivation >Methodo|ogy Chapter VI Conclusions> Outlook > 21




NoLCP LCP

Land-use change (Mha)

2000 | H
1500 - Afforestation = Climate impacts
- RCP2.6
1000 - - = NoCC
9500
Land type
07 B Cropland
-500 - Pasture
-1000 - Bl Forest
1500 - Bl Other
© © o ©v o o ©’v o ©» o
o Ql To) N S O Ql 10 N o
o o o o - O o o o st
N N N N N N N N N o
Year Humpendder et al. (2015), Environ. Sci. Technol.

> Motivation >Methodo|ogy Chapter VI Conclusions> Outlook > 22




NoLCP A LCP More forest

2000 -] under RCP2.6
—~ 1500 — Climate impacts
e — RCP2.6
% 1000 - = NoCC
S 500 -
s Land type
o 07 B Cropland
8 -500- . Pasture
5 Less-agricultural
& -1000 - land under.RCP2.6 Bl Forest
-
Oth
-1500 - O M Other
© © o ©’v o o ®©v o 1 o
o Al (9] N~ o o Al (9] N~ o
S O S o - O O O o —
N N N N N N C\l N ~ o
Year Humpendder et al. (2015), Environ. Sci. Technol.

> Motivation >Methodo|ogy Chapter VI Conclusions> Outlook > 23




NoLCP LCP

Carbon stock change (GtC)

E
200 - |
150 A
100 -
507 Carbon stock .
0- decrease reflects A
deforestation Carbon stock
50 - increase reflects _ _
afforestation Climate impacts
-100 - N L’ — RCP2.6
Spm ™
I I I | | I | I I | T NOCC
o n O n o o n o 0 O
o o o) N O O o 0 N o o e
o o o o — O =) o o — Attribution
N N N N N N N N N N
Y Il Land management
ear . .
Humpendder et al. (2015), Environ. Sci. Technol. M Direct climate change

> Motivation >Methodo|ogy Chapter VI Conclusions> Outlook > 24




NoLCP LCP 20%

Carbon stock change (GtC)

200 - 80%
150 Direct| climate effect:
enhw‘lced carbon t
100 sep’uestration ¢ About 20% of total
5 ‘ climate-induced carbon
50 - - * stock changes originate
S e from land management
04 oot onaaaasa Y AN N R -
-50- k. Indirect climate effect: Climate impacts
100 - % i ! more land with — RCP2.6
) Smm=” vegetation regrowth
I | | | | I g | I g I I T NOCC
o To) o o) o O o) o To) o
o N ! N~ o O N o) N o e
) o o o - O o o o — Attribution
N N N N N N N N N Q¥
Il Land management
Year . :
Humpendder et al. (2015), Environ. Sci. Technol. B Direct climate change

> Motivation >Methodo|ogy Chapter VI Conclusions> Outlook > 25




> Motivation >Methodo|ogy> Main results Outlook > 26




Afforestation and bioenergy with CCS could remove
considerable amounts of carbon from the atmosphere but
have substantially different land requirements

Large-scale land-based mitigation and maintaining food
production at the same time would require strong continuous
intensification of agricultural production

A moderate increase of the atmospheric CO, concentration
(RCP2.6) has beneficial effects on global terrestrial carbon
stocks, but does not further increase the potential of land-
based mitigation

Future analysis of mitigation pathways in IAMs should
consider land-use and associated carbon cycle responses to
climate change
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e Accounting for surface albedo effects of afforestation
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Afforestation area in chapter V
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Afforestation area 2566 Mha 1489 Mha 42%
CDR 409 GtCO, 370 GtCO, 10%

1Schaeffer M, Eickhout B, Hoogwijk M, Strengers B, van Vuuren D, Leemans R and Opsteegh T 2006 CO2 and
albedo climate impacts of extratropical carbon and biomass plantations, Global Biogeochemical Cycles

2Bala G, Caldeira K, Wickett M, Phillips T J, Lobell D B, Delire C and Mirin A 2007 Combined climate and carbon-
cycle effects of large-scale deforestation PNAS 104 6550-5
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e Accounting for surface albedo effects of afforestation
¢ Permanence of terrestrial carbon sinks

e Exploring interactions of land-based mitigation with options
in other sectors

e Food security issues of large-scale land-based mitigation
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Food demand per capita (SSP2)
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Current global land-use
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Global forest cover in the year 2000
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Herbaceous bioenergy yields (AFF+BECCS)
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e Biomass to Hydrogen (B2H2)
e capture rate 90%, conversion efficiency 55%

e Biomass Integrated Gasification Combined Cycle (BIGCC)
e capture rate 80%, conversion efficiency 31%

e Biomass to Liquid (B2L)
e capture rate 48%, conversion efficiency 41%

Humpendder et al. (2014), Environ. Research Letters
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Sensitivity analysis of herbaceous and woody
bioenergy production (2095)
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Sensitivity analysis of global bioenergy

production
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Exogenous bioenergy demand in Chapter VI
(450 ppm scenario from REMIND)
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Sensitivity analysis of cluster / simulation units
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MAGgPIE cellular level (500 clusters / simulation

Based on Humpendder et al. (2014), Environ. Research Letters




Afforestation and bioenergy area in 2095
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Potential CDR rates
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Food price index

Food expenditure share
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Climate Policy

Climate Impacts (incl. CO, fertilization)
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climate change
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Bioenergy demand Precipitation c CLOP ygeldsj
CO, price Radiation arbon density
Harmonization
over GCMs
MAgPIE

Bioenergy demand on top of food demand

Price on CO, emissions provides economic incentive for afforestation and avoided deforestation
Climate impacts influence land-use and carbon stock dynamics
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NoCC

RCP2.6

NoLCP

reference

A carbon stock full effect

—90 GtC 0 GtC
RCP2.6 only

full effect

78 GtC

A carbon stock
—12 GtC

LCP

LCP only
A carbon stock full effect
101 GtC 191 GtC
combined setting
full effect
275 GtC

A carbon stock

185 GtC

191 GtC + 78 GtC = 269 GtC ~ 275 GtC

Carbon stock changes and full carbon mitigation effect in GtC. Carbon stock changes show the net
effect of land management and (direct) climate change between 1995 and 2100 at the global scale.
The full carbon mitigation effect reflects the difference in these carbon stock changes between the

respective scenario and the reference scenario.

Humpendder et al. (2015), Environ. Sci. Technol.
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I0-economic

Soc
challenges for mitigation

X SSP 5: Y SSP 3:

(Mit. Challenges Dominate) (High Challenges)
Fossil-fueled Regional Rivalry
Development A Rocky Road

Taking the Highway *
SSP 2:

(Intermediate Challenges)

Middle of the Road

* SSP1: * SSP 4:
(Low Challenges) (Adapt. Challenges Dominate)
Sustainability Inequality
Taking the Green Road A Road Divided

Socio-economic challenges
for adaptation

O’Neill B C, Kriegler E, Ebi K L, Kemp-Benedict E, Riahi K, Rothman D S, van Ruijven B J, van Vuuren D P,
Birkmann J, Kok K, Levy M and Solecki W 2015 The roads ahead: Narratives for shared socioeconomic
pathways describing world futures in the 21st century Global Environmental Change
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CO, concentration Radiative forcing
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van Vuuren D P, Stehfest E, Elzen M G J den, Kram T, van Vliet J, Deetman S, Isaac M, Goldewi
K, Hof A, Beltran A M, Oostenrijk R and van Ruijven B 2011 RCP2.6: exploring the possibility to keep
global mean temperature increase below 2°C Climatic Change 109 95-116
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t Radiative forcing (RCPs)

Immediate climate ) >
action Socio-economic
or reference pathway (SSPs)

Delayed and fragmented
climate action ,
Policy-
context (SPAS)

Based on Kriegler E, Edmonds J, Hallegatte S, Ebi K L, Kram T, Riahi K, Winkler H and van Vuu
D P 2014 A new scenario framework for climate change research: the concept of shared climate
policy assumptions Climatic Change 1-14
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e Currently, the coupling of REMIND (energy-economy) and
MAgPIE (land-use) aims to find consistent price and quantity
paths for bioenergy production and GHG emissions

e biomass demand
e GHG prices (CO,, N,O, CH,)

REMIND MAgPIE
- MAgPIE emulator N

e Up-date bio-energy supply curve

MAGICC6 o LULUCF emissions (CO,, N,O, CH,)

Bauer N, Klein D, Luderer G, et al. (2014) Climate change stabilization and the energy-

land nexus. Submitted to IEW’14. 61



e Additionality
e Removal or sink in addition to what would have occurred in the
absence of a project
e Permanence

e Natural disturbance (e.g. hurricane, wildfire) or management
activities (e.g. harvesting) that release carbon back to the
atmosphere

e Leakage
o Deforestation is displaced to locations without emission control

Angelsen A and Center for International Forestry Research 2008 Moving ahead
with REDD: issues, options and implications (Bogor, Indonesia: Center for

International Forestry Research)
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