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1 | INTRODUCTION

Ambitious climate change mitigation scenarios aiming to limit global

warming to 2°C or less require very rapid reductions in greenhouse
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Abstract

Afforestation is considered a cost-effective and readily available climate change
mitigation option. In recent studies afforestation is presented as a major solution
to limit climate change. However, estimates of afforestation potential vary widely.
Moreover, the risks in global mitigation policy and the negative trade-offs with food
security are often not considered. Here we present a new approach to assess the
economic potential of afforestation with the IMAGE 3.0 integrated assessment model
framework. In addition, we discuss the role of afforestation in mitigation pathways
and the effects of afforestation on the food system under increasingly ambitious cli-
mate targets. We show that afforestation has a mitigation potential of 4.9 GtCO,/year
at 200 US$/tCO2 in 2050 leading to large-scale application in an SSP2 scenario aiming
for 2°C (410 GtCO, cumulative up to 2100). Afforestation reduces the overall costs of
mitigation policy. However, it may lead to lower mitigation ambition and lock-in situa-
tions in other sectors. Moreover, it bears risks to implementation and permanence as
the negative emissions are increasingly located in regions with high investment risks
and weak governance, for example in Sub-Saharan Africa. Afforestation also requires
large amounts of land (up to 1,100 Mha) leading to large reductions in agricultural
land. The increased competition for land could lead to higher food prices and an in-
creased population at risk of hunger. Our results confirm that afforestation has sub-
stantial potential for mitigation. At the same time, we highlight that major risks and
trade-offs are involved. Pathways aiming to limit climate change to 2°C or even 1.5°C

need to minimize these risks and trade-offs in order to achieve mitigation sustainably.

KEYWORDS
afforestation, climate change mitigation, food security, integrated assessment, land-based

mitigation, negative emissions

gas (GHG) emissions (Clarke et al., 2014; van Vuuren et al., 2013). Even
if stringent policies are adopted, it is likely that negative CO, emissions
will become indispensable to achieve the Paris Agreement climate

goal as shown in many mitigation scenario studies (Rogelj et al., 2018;
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Van Vuuren, Hof, Sluisveld, & Riahi, 2017; van Vuuren et al., 2018).
The need for such negative emissions highlights the role of land use in
the context of mitigation. While emissions from agriculture, forestry
and other land use are responsible for around 24% of anthropogenic
GHG emissions in 2010 (Smith, 2013), land use also plays a critical
role in two key negative emission options. First, through the produc-
tion of bioenergy in combination with carbon capture and storage
(BECCS; Azar et al., 2010). Second, through the expansion of forest
area (afforestation) increasing the storage of CO, in terrestrial vege-
tation (Canadell & Raupach, 2008). This study focuses on the role of
afforestation in climate change mitigation, where we define afforesta-
tion to include afforestation as well as reforestation, both of which
are defined by FAQO's Forest Resource Assessment (FAO, 2018) as the
establishment of forest through planting and/or deliberate seeding.

The economic potential of afforestation for climate change mitiga-
tion has been assessed before using dedicated forestry models and in-
tegrated assessment models (IAMs; Benitez, McCallum, Obersteiner,
& Yamagata, 2007; Calvin et al., 2014; Humpendder et al., 2014,
Kindermann et al., 2008; Sathaye, Makundi, Dale, Chan, & Andrasko,
2006; Sohngen & Sedjo, 2006; Strengers, Minnen, & Eickhout, 2007).
Estimates vary widely depending on model characteristics and sce-
nario assumptions, with cumulative sequestration until the year 2100
ranging from 176 GtCO, using 231 Mha of land at $220/tCO, (Sathaye
et al,, 2006) to 700 GtCO, using 2,800 Mha of land at $1,165/tCO,
(Humpenoder et al., 2014). Other studies use more data-driven ap-
proaches, for example, Busch et al. (2019) who use data on agricul-
tural prices and data on forest conversion from satellites to estimate a
potential of 15.1 GtCO, in 2050 at $50/tC02. Most studies find that
already at low CO, prices (<$50/tCO,) afforestation is economically
feasible. However, the wide range in results indicates it is very uncer-
tain at what scale and at what costs afforestation is feasible.

Recent studies by Griscom et al. (2017), Lewis, Wheeler, Mitchard,
and Koch (2019) and Bastin et al. (2019) that looked into the biophysi-
cal potential of afforestation using data-driven approaches received a
lot of attention. They find high potentials: Griscom et al. (2017) pres-
ent a sequestration rate of 10.3 GtCO,/year using 678 Mha by 2030,
Lewis et al. (2019) find 154 GtCO, on 350 Mha over a time period of
70 years, and Bastin et al. (2019) show a potential of 752 GtCO, using
900 Mha without specifying a time period. These studies state that af-
forestation is a major solution to climate change, however, they do not
assess costs of afforestation or how it compares to other mitigation
options. Moreover, they assume that afforestation—despite its large
extent-does not occur on agricultural areas and thus does not affect
food security. This highlights a fundamental divide in afforestation
studies concerning the areas assumed to be available for afforestation.

Estimates in the literature show that the largest share of af-
forestation potential lies in tropical regions (Benitez et al., 2007;
Griscom et al., 2017; Kreidenweis et al., 2016). The tropical regions
are dominated by developing countries with high investment risks
and weak governance implying substantial risk to the success of mit-
igation policies (lyer et al., 2015). Despite these risks, afforestation
is a negative-emission technology that plays a crucial role in many

existing scenarios aiming for 2°C or 1.5°C (Riahi et al., 2017; Rogelj
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et al., 2018). Calvin et al. (2014) show for one stylized scenario
that large-scale afforestation reduces cumulative mitigation policy
costs but also diminishes mitigation efforts in energy and industry.
Otherwise, the policy implications and risks of afforestation in miti-
gation pathways received little attention.

Large-scale afforestation requires land that is most likely also
needed to provide other land-based services such as food produc-
tion. As a consequence, food security may be affected. Food security
is defined by the FAO by four dimensions: availability (i.e. sufficient
quantities of food), access (i.e. adequate resources to obtain food),
utilization (i.e. nutritious and safe diets) and stability (i.e. the temporal
dimension of the other three dimensions; FAO, 2008). When consid-
ering a role for afforestation in climate change mitigation, it is crucial
to take the trade-off with food security into account. A number of
studies have assessed the food security effects of land-based mitiga-
tion including bioenergy production, taxing of agricultural emissions
and in some cases afforestation (Frank et al., 2017; Hasegawa et al.,
2015, 2018; van Meijl et al., 2018). These studies indicate that land-
based mitigation can put severe pressure on food security, however,
the extent to which this can be ascribed to afforestation remains un-
clear. Kreidenweis et al. (2016) do show that large-scale afforestation
can lead to a fourfold increase in global food prices, an indicator of
access to food. However, the effect on other dimensions of food se-
curity is not discussed. Explicitly addressing food security risks is key
if afforestation is considered in mitigation strategies.

Here we assess the global economic potential of afforestation for
climate change mitigation in increasingly ambitious mitigation sce-
narios following the SSP-RCP scenario framework (van Vuuren et al.,
2012) using the IMAGE 3.0 model framework (Stehfest et al., 2014).
We present regional marginal abatement cost (MAC) curves that are
based on grid-level forest growth potentials from the LPJmL model,
region-specific estimates of afforestation costs, cost effects of land
scarcity and risk-adjusted investment decisions. Our approach pro-
vides a new estimate of afforestation potential to the literature with
high geographic detail. The presented approach is coupled with the
climate policy model FAIR-SimCAP (den Elzen, Lucas, & Vuuren, 2008)
and the energy simulation model TIMER (Van Vuuren, 2007). This in-
tegration makes it possible to compare afforestation to a large number
of other climate change mitigation options in the energy, industry and
agricultural sectors, and is used to analyse how and to what extent af-
forestation changes mitigation pathways. Next to that, the approach
is coupled to the agro-economic model MAGNET Woltjer and Kuiper
(2014) and the health model GISMO (Lucas et al., 2019). This is used
to provide a detailed analysis of the potential effects of afforestation
on food security, which is assessed along two dimensions of the FAO
definition of food security (FAO, 2008): For access to food we present
the indicator food price, and for availability of food we assess food
availability per capita and the number of people at risk of hunger.
Compared to the existing literature our study focuses on the isolated
effects of afforestation on mitigation pathways and food security. In
this way we provide a detailed assessment of the risks and trade-offs
of this mitigation strategy, which is an important component in many

scenarios aiming to prevent dangerous climate change.
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In Section 2 a detailed description of the methodology to model
afforestation and how the approach is integrated in the IMAGE
framework is provided, followed by an overview of the implemented
scenarios. Section 3 presents the mitigation potential of afforesta-
tion, analyses the emission trajectories in the mitigation scenario,
and shows resulting land-use dynamics and food security effects.
Where possible, results are presented for 10 aggregated regions (see
Table S1). Furthermore, a sensitivity analysis is presented investigat-
ing the number of crucial variables as well as uncertainty related to
climate change and CO, fertilization. Finally, Section 4 reflects on
the methodology and results, compares results to existing literature

and summarizes conclusions.

2 | MATERIALS AND METHODS
2.1 | The IMAGE model framework

Our analysis is performed with the IMAGE 3.0' integrated assess-
ment modelling framework. The IMAGE framework is used to simu-
late interactions between human activities and the environment to
explore long-term global environmental change and policy options
in the areas of climate, land use and sustainable development
(Stehfest et al., 2014). It comprises a number of submodels describ-
ing land use, the agricultural economy, the energy system, natural
vegetation, hydrology and the climate system (Figures S1 and S2).
Agriculture, forestry and land-use dynamics are modelled on the
grid-level in the IMAGE-Land Management land use model
(Doelman et al., 2018). Demand for crop and livestock products,
and trends in agricultural intensification and trade dynamics are
provided by the computable general equilibrium model (CGE)
MAGNET (Woltjer et al., 2014). Gridded land-use dynamics are
implemented in the dynamic global vegetation model LPJmL
to model effects on the carbon and hydrological cycle (Bondeau
et al., 2007; Sitch et al., 2003). LPJmL provides data on potential
crop and grass vyields, land-use change emissions and irrigation
water use. The simulation model TIMER represents the energy sys-
tem with high technological detail for 12 primary energy carriers
including bioenergy (Van Vuuren, 2007). The demand for bioen-
ergy is determined by TIMER based on grid-level land availability in
IMAGE-LandManagement. GHG emissions from energy, industry
and land use are inputs to the simple climate model MAGICC, which
emulates complex climate models to calculate global mean tem-
perature change (Meinshausen, Raper, & Wigley, 2011). The climate
policy model FAIR-SImCAP uses MAC curves to determine cost-
optimal emission pathways to achieve specific climate targets (den
Elzen et al., 2008). Finally, data on food availability, energy use and
climate change are input to the GISMO model, which calculates
changes in human development in relation to the global environ-
ment (Lucas et al., 2019).

YFor more background info, see the detailed, online IMAGE documentation: http://thema
sites.pbl.nl/models/image/index.php/Welcome_to_IMAGE_3.0_Documentation.

2.2 | Overview of afforestation method

To investigate afforestation as a climate change mitigation option
data from different submodels of the IMAGE framework is used
(Figure 1). The biophysical potential of forest growth is provided by
LPJmL (Section 2.3). Current and projected land use in a baseline sce-
nario is provided on a grid-basis by IMAGE-LandManagement (Section
2.5). The value of agricultural land use is taken from the agro-economic
model MAGNET (Woltjer & Kuiper, 2014; Section 2.4.1), and other cost
components are taken from sources in the literature (Section 2.4.2).

To calculate if and how much afforestation takes place in a sce-
nario, these data are combined as follows: It is assumed that crop-
land, pasture and degraded forest land as projected in a baseline
scenario are available for afforestation. For each grid cell (5 x 5
arc-minutes) in each time step (5 years) during the scenario period
(2010-2100), a comparison is made whether it is more profitable to
use the land for agriculture or to afforest for climate change miti-
gation. Climate change mitigation policy is driven by a global CO,
price. To determine the profitability of an investment, it is common
to calculate the net present value (NPV). This is the present value
of all future cash flows subtracted by the present investment costs,
opportunity costs and other costs (Clarke, McGugin, Schmirer, &
Towers, 2008; Shabman, Zepp, Wainger, & King, 2002). The NPV is
calculated using Equation (1):

T

Cseqrev;, —landrent; , — monitorcost;
NPV,- _ Z ( it it l,t)
t=1

(1+r)t

—conversioncost;, (1)

where NPV is the NPV at location i at time step t; Cseqgrev is the an-
nual revenue of carbon sequestration, which is the product of the CO,
price and the carbon stored annually in the vegetation and soil; landrent
is the annual economic return to land for agricultural land use (crop or
livestock production), which is assumed as the opportunity cost and de-
pends on the amount of afforestation in previous time steps (Section
2.4.1); monitorcost is the annually returning cost to monitor carbon
stocks; conversioncost is the initial investment cost of afforestation that
is required at the start of afforestation (conversion/preparation of the
land and planting of trees; Section 2.4.2); T is the time horizon, which
is the period of time that is considered to determine the profitability
of an investment. It is assumed to be 30 years, which is a common pe-
riod for a carbon sequestration project to decide whether or not to in-
vest (Humpenoder et al., 2014; Winsten, Walker, Brown, & Grimland,
2011); r is the discount rate. Instead of a uniform discount rate we use
region-specific risk-adjusted discount rates to account for differences in
investment risks between regions. These can be notably higher in devel-
oping regions that also have high afforestation potential (Benitez et al.,
2007; lyer et al., 2015). World bank data on national lending rates is used
as this represents the annual rate of return that is required for a land-
owner to make an investment profitable. A simple exponential relation
between lending rates and GDP per capita for the period 1996-2015 is
fitted to derive regional discount rates, resulting in a range of 6.3% in the
United States to 20.7% in Eastern Africa in 2010 (see Sl Section 1 and

Table S2). This relation is assumed to also hold in future periods.
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FIGURE 1 Schematic overview of afforestation modelling procedure [Colour figure can be viewed at wileyonlinelibrary.com]

Afforestation is assumed to take place if the investment is prof-
itable, that is, if the NPV is positive. All grid cells that can potentially
be afforested are sorted according to their NPV, and afforestation
is allocated to the most profitable locations. Grid cells with average
carbon sequestration of less than 0.5 ton C ha™ year"1 during the
first 30 years after planting are excluded to ensure forest growth can
be sustained. Once forest is established it is not converted back to
agriculture at a later point in time, thus excluding the risk of nonper-
manence (Dutschke, 2001). To prevent unrealistically fast conver-
sion of agricultural land to forest in case of very high CO, prices, a
maximum afforestation rate is assumed of 0.4%/year relative to total
agricultural land, on a regional scale. This assumption represents a
limit to the speed at which climate policy is adopted by (i.e. by land-
owners, policy makers, forestry experts). Limits to the rate of change
in response to climate policies are observed, for example in bioen-
ergy policies in the United Kingdom (Alexander, Moran, Rounsevell,
& Smith, 2013) and are also important assumptions in the model-
ling of different climate change mitigation policies (den Elzen et al.,
2008). However, historically afforestation has not occurred at the
scale investigated in this study. Therefore, the maximum afforesta-

tion rate is based on examples of expansion of palm oil in Indonesia

and soy bean in Brazil that have shown rates of change in the order
of magnitude as assumed here (see Sl Section 2 and Figure S3). We
test the impact of this critical assumption in a sensitivity analysis
(Section 3.2.4).

We use a stand-alone tool (afforestation-tool) to calculate affor-
estation dependent on a prescribed CO, price trajectory (Figure 1).
First, stylized CO, price trajectories are implemented to create MAC
curves for afforestation that show regional mitigation achieved at
increasing CO, prices (S| Section 3). These MAC curves are then
implemented in the FAIR-SimCAP model (den Elzen et al., 2008),
which determines the cost-optimal CO, price trajectory by compar-
ing afforestation to other mitigation options (in the energy system
and in agriculture) to achieve a predefined climate target (Section
2.5). The afforestation-tool is then used again to calculate the affor-
estation area of the cost-optimal CO, price trajectory. This area is
subsequently implemented in MAGNET, IMAGE-LandManagement
and LPJmL to calculate effects on the food system, land use, carbon
and hydrological cycles. Food availability from MAGNET is input to
GISMO todetermine the population atrisk of hunger (see Sl Section 4).
The CO, price trajectory from FAIR-SImCAP is implemented in
TIMER to determine energy system dynamics. Bioenergy use is
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also determined by TIMER based on land availability from IMAGE-
LandManagement assuming that only the other land that is not
available for food production or afforestation is available for bioen-
ergy production (Daioglou, Doelman, Wicke, Faaij, & Vuuren, 2019;
Hoogwijk, Faaij, Vries, & Turkenburg, 2009). While this assumption
implies that we do not capture interactions between food and bio-
energy production, it does allow to compare afforestation to the en-
ergy system and emission dynamics of bioenergy use and to assess

the direct effect of afforestation on food security.

2.3 | Biophysical potential of afforestation

Biophysical potential of forest growth on a grid-basis is modelled
using LPJmL (Bondeau et al., 2007; Sitch et al., 2003; Figure 2). In
this study we use the new forest plantation functional types (FPFT)
that have been developed to represent planted forests (Braakhekke
et al., 2019). Tree growth is simulated for three FPFTs (temperate,
tropical and boreal). These are based on the natural plant functional
types (PFTs) ‘temperate broadleaved summergreen tree’, ‘tropical
broadleaved evergreen tree’ and ‘boreal needle-leaved evergreen
tree’. Compared to natural PFTs, a newly established FPFT stand has
a high initial planting density representing the planting of forest sap-
lings and prevention of competition with other plant species as op-
posed to the gradual establishment and natural succession assumed
in natural PFTs. The growth rates of the FPFTs are calibrated to forest
plantation data from the literature. In addition, constraints on carbon
use efficiency and maximum biomass are used to ensure that carbon
fluxes and storage are realistic compared to their natural counter-
parts. No forest management after establishment such as irrigation,
fertilization or thinning is assumed. The resulting growth rates are

200

150
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USA

(tC/ha)
S

Canada
50

—
—
m== China
=
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Russia

0 25 50 75 100
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FIGURE 2 Potential average cumulative carbon sequestration
of forest plantations on current agricultural land that can sustain
forest growth (>0.5 ton C ha™* year™ growth in first 30 years after
planting) in six selected regions: two predominantly tropical regions
(Brazil and Indonesia), two predominantly temperate regions (USA
and China) and two predominantly boreal regions (Canada and
Russia) [Colour figure can be viewed at wileyonlinelibrary.com]

substantially higher than natural forest growth rates, but lower than
intensively managed forest plantations (see for more info Braakhekke
et al., 2019). Therefore, this representation of forest plantations can
be described as a planted forest in line with the FAO definition (FAO,

2018) with minimal management after establishment.

2.4 | Costs of afforestation
2.4.1 | Opportunity costs

An important component of the investment decision for afforestation
(Equation 1) is the opportunity cost of land. In this study afforesta-
tion competes with agriculture. Therefore, the opportunity cost is the
annual economic return to land of agriculture. We use here the op-
portunity costs as calculated by the CGE model MAGNET. MAGNET
is an extension of the GTAP model and database (Hertel, 2012). GTAP
has detailed information on the value added of the agricultural sector,
which is distributed over the production factors land, labor and capi-
tal. The share of the value added related to land is the economic return
to land from agriculture, also known as the land rent. Land rent from
MAGNET is available at a resolution of 26 regions (Table S4) while af-
forestation is implemented at the grid-level. Therefore, a downscaling
of land rent is applied using grid-based yields from LPJmL calibrated to
FAOSTAT (FAOSTAT, 2017), and prices of IMAGE crop types and grass
derived from World Bank, FAO and FAPRI data (Table S3).

MAGNET includes agricultural land as an explicit production factor
described by a land supply curve (Woltjer & Kuiper, 2014). The value
of land rent changes in scenario projections due to various factors,
for example, due to economic development and population growth
leading to higher demand for agricultural products, due to substitu-
tion between land, labour and capital, or due to increasing scarcity of
land as the additional land available for agriculture is depleted. These
changes are included in the investment decision (Equation 1) and de-
pend on location and time. MAGNET does not explicitly include affor-
estation. For the purpose of this study a model setup is developed in
which agricultural land use in MAGNET can exogenously be reduced
by a prescribed land area requirement, in this case for afforestation
(Figure 3): The land supply curve is shifted to the left resulting in a new
equilibrium leading to adjusted food prices, food consumption, trade
and agricultural efficiency. To take the effect of increasing land rent
into account in the afforestation decision, a set of stylized scenarios is
created where agricultural land is linearly reduced. The land rent val-
ues from these scenarios are interpolated to create a detailed look-up
table of land rents dependent on the reduction in agricultural land
(Table S5). These are subsequently applied in the NPV calculation to

include the effect of higher afforestation area on land rent.

2.4.2 | Conversion and monitoring costs

A study by Winsten et al. (2011) focusing on afforestation specifically

for carbon sequestration in the north-eastern United States, is used to
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FIGURE 3 Graphic representation of agricultural land supply
curves for a baseline and an afforestation scenario (LS-curve
base in dark blue and LS-curve affor in light blue, respectively).
The green arrow indicates a prescribed reduction in agriculture.
The baseline scenario equilibrium land supply (LS-base) and land
rent (R-base) in point A shift following the land demand intersect
(yellow) to a new afforestation scenario equilibrium land supply
(LS-affor) and land rent (R-affor) in point B [Colour figure can be
viewed at wileyonlinelibrary.com]

estimate conversion and monitoring costs. Winsten et al. (2011) sent
questionnaires to foresters to investigate the costs of conversion. The
conversion costs specifically comprise site preparation, planting, main-
tenance (e.g. mowing, weeding, herbicides, tilling, herbivore control),
and replanting costs. In this study, we take the average value of these
costs across all states considered in the Winsten study. Conversion
costs are assumed to be an initial cost, that is, no additional future costs
are taken into account. This is in line with the minimal forest manage-
ment assumed in LPJmL (Section 2.3). Monitoring of carbon stocks to
check if a land owner is eligible for carbon sequestration payments is
estimated at $71.70 per hectare for a 20 year project (Winsten et al.,
2011). For this estimate, a discount rate of 4% was used, implying an
annual cost of $5.25 per hectare for the United States.

In order to use the data in other world regions we assume that
50% are capital costs from, for example, machine use or fence
building that are considered to be equal globally. The other 50%
are assumed to be labour costs depending on regional differences
in wages for low-skilled labour. As a proxy for this, regional GDP/
capita relative to the United States is used. This results in total costs
for conversion ranging from $862 per hectare in Eastern Africa to
$1,633 per hectare in the United States (Table S4). While this is a sim-
plistic procedure, the resulting cost range is similar to other studies
(Humpenoder et al., 2014; Sathaye et al., 2006). The same method
is applied to scale monitoring costs between regions resulting in the
range of $2.66 ha™ year t in Eastern Africa to $5.25 ha™ year* in the
United States. For the projection period, the costs of conversion and
of monitoring for the United States are assumed to increase at the
same rate as GDP/capita. In other regions, the development of GDP/

capita relative to the United States is used to scale costs (Table S6).
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2.5 | Scenario definitions

Asetof 11 scenarios is defined to investigate the role of afforestation
in increasingly stringent mitigation scenarios (Table 1). The baseline
scenario is the IMAGE ‘middle of the road’ SSP2 scenario (Vuuren,
Stehfest, et al., 2017). Crucial drivers of SSP2 are population, which
continues to grow until 2050 and shows a slight decrease from 2050
to 2100, and GDP, which continues to grow in all regions until the
end of the century (Figure Sé). The developments in agricultural land
are based on the interactions between projections of food demand,
agricultural efficiency and the economy. Degraded forest estimates
are derived from the historical difference in deforestation due to
agricultural expansion and deforestation according to FAQ's Forest
Resource Assessment (for more detail see Doelman et al., 2018).
The SSP2 baseline scenario results in a change in radiative forcing
of around 6.5 W/m?. To assess the effect of increasingly ambitious
mitigation targets, the baseline is combined with a number of climate
mitigation targets: 6.0 W/m? 4.5 W/m? 3.4 W/m? 2.6 W/m?
and 1.9 W/m? (Table 1). The first four scenarios correspond to the
forcing targets of the RCP scenarios (van Vuuren et al., 2011), where
2.6 W/m? has a 66% likelihood to limit global warming to 2°C (Rogelj
etal.,, 2011). The 1.9 W/m? target has a 66% likelihood to limit global
warming to 1.5°C and reflects the ambitions expressed in the 2016
Paris Agreement (Rogelj et al., 2018). Next to the scenarios with
afforestation, an additional set of scenarios with the same climate
targets are defined as reference cases where afforestation is ex-
cluded as a mitigation policy. In all scenarios except the baseline,
avoided deforestation policy is implemented under the assump-
tion that this is cheaper than afforestation (based on Kindermann
et al. (2008)): all forests with carbon stocks of 10 tC/ha or higher are
protected (Doelman et al., 2018; Overmars et al., 2014). We exclude
climate impacts in this set of scenarios to improve interpretability of
the results, but include it in the sensitivity analysis.

In addition, we define a number of sensitivity tests to investi-
gate the importance of various parameter settings that are central to
the afforestation methodology: the discount rates, the time horizon,
the conversion and monitoring costs and the maximum afforesta-
tion rate. In addition, climate change effects with and without CO,
fertilization are tested (for details see Table S7). The sensitivity tests
are implemented by rerunning a scenario with a predetermined CO,
price with one of the selected parameters changed in a positive or

negative direction. We perform the sensitivity for three scenarios

TABLE 1 Description of implemented scenarios

No afforestation
(reference)

Climate target (radiative

forcing, W/m?) Afforestation

No target - SSP2-baseline
6.0 SSP2-6.0-A SSP2-6.0-R
4.5 SSP2-4.5-A SSP2-4.5-R
34 SSP2-3.4-A SSP2-3.4-R
2.6 SSP2-2.6-A SSP2-2.6-R
1.9 SSP2-1.9-A SSP2-1.9-R
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with different climate mitigation targets with increasing ambition:
SSP2-4.5-A, SSP2-3.4-A and SSP2-2.6-A. The sensitivity is assessed
by investigating the effect on cumulative carbon sequestration
(2010-2100).

3 | RESULTS

3.1 | MAC curves

Our results show that there is moderate potential for climate change
mitigation through afforestation at low prices: globally at US$50/
tCO, we find 0.75 GtCO,/year in 2030, 1.5 GtCO,/year in 2050 and
1.1 GtCO,/year in 2100 (Figure 4). More than half of the potential
at low cost is located in Latin America, which is related to low land
prices, high forest growth rates and relatively lower discount rates
than other tropical regions with similarly high growth rates. In 2100,
the potential is lower than in 2050 due to higher costs related to
continued economic growth and higher land prices because of in-
creased land scarcity. The potential is lower in 2030 compared to
2050 due to limits on how fast afforestation area can expand.

The potential from afforestation increases substantially with
higher CO, prices: globally at US$200/tCO, there is a potential of 2.7
GtCO,/yearin 2030, 4.9 GtCO,/year in 2050 and 5.8 GtCO,/year in
2100. At these prices there is increased potential in temperate re-
gions, notably North America and China with 0.6 and 0.5 GtCO,/year
respectively in 2050. Afforestation is relatively more expensive in
these regions due to high land prices and lower forest growth rates.

The potential in Russia and Central Asia remains limited with 0.12

Gt COy/year

0 100 200 300 400 O 100

D Southeast Asia

GtCO,/year in 2050, which is caused by relatively low growth rates
in boreal forests. At very high CO, prices of over US$SOO/tCO2 the
potential increases slightly to 0.18 GtCO,/year (see Figure S5).

At all CO, price levels, Latin America and Sub-Saharan Africa are
responsible for at least 50% of the climate change mitigation poten-
tial from afforestation. This is mostly related to large land areas that
can potentially be afforested, high forest growth rates and higher
absolute carbon stocks that can be reached per land area com-
pared to temperate or boreal forests (see Figure 2). While we do
take into account higher risks of investment in these regions through
risk-adjusted discount rates, this only affects the price at which af-
forestation becomes economically feasible but does not change the

maximum potential.

3.2 | Mitigation scenarios
3.2.1 | CO, emissions

To achieve an ambitious mitigation target of 2.6 W/m? substantial
reductions of emissions from the energy, industry and land sectors
are implemented (Figure 5a). In addition, negative emissions from
afforestation and BECCS are used to achieve the mitigation target.
In the SSP2-2.6-A scenario afforestation is implemented as soon
as mitigation policy starts (from 2020 onwards) as it is available at
relatively low costs compared to other mitigation options. BECCS is
implemented from 2030 onwards when CO, prices haverisen up toa
level where the technology has become profitable. By the end of the

century, negative emissions of 5.0 GtCO,/year and 3.1 GtCO,/year

200 300 400 O 100 200 300 400

$/t CO,

- Sub-Saharan Africa I:I South Asia . China region
. Latin America |:| Russia & Central Asia . North America

|:| Middle East & North Africa E Europe

D Oceania, Japan & Korea

FIGURE 4 Marginal abatement cost (MAC) curves of carbon sequestration through afforestation in 10 aggregated regions (see Sl Table 1)
in years 2030, 2050 and 2100. Based on stylized linear CO,, price trajectories that increase from 0/tCO, in 2020 to CO,, price as shown on
the Y-axis in 2030, 2050 and 2100. For clarity, the graphs are limited to 400 US/tCO,. MAC curves up to 1000 US/tCO, are presented in Sl

Figure 5 [Colour figure can be viewed at wileyonlinelibrary.com]
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om 2020-2100 for all scenarios and (d) cumulative CO, emissions

from SSP2-2.6-A and SSP2-2.6-R for high, middle and low income regions [Colour figure can be viewed at wileyonlinelibrary.com]

result from afforestation and BECCS respectively. Cumulatively,
negative emissions from afforestation are similar until 2100 in the
stringent mitigation scenarios SSP2-2.6-A and SSP2-1.9-A with 430
and 450 GtCO, respectively, as nearly the maximum afforestation
potential is utilized in these scenarios (Figure 5b). Emissions from
land-use change and forestry in these scenarios persist as avoided
deforestation policy is not immediately effective and because of
bioenergy expansion on other natural land. In SSP2-3.4-A and SSP2-
4.5-A, less stringent climate targets result in comparatively lower
levels of carbon sequestration from afforestation of 250 and 64
GtCO, respectively. The SSP2-6.0-A scenario does not include any
afforestation as the amount of climate policy required to achieve this
low ambition target is very limited: only 270 GtCO, reduction is re-
quired, which is achieved through other cheaper options.

Including afforestation as a mitigation option has a major impact
on mitigation policy in other sectors. Afforestation is a relatively
cheap option that reduces overall mitigation costs as indicated by
lower average CO, prices in all scenarios (Figure 5c): for example,
the 2020-2100 average is 240 US$/tCO2 in SSP2-2.6-A compared to
430 US$/tCO, in SSP2-2.6-R. While this means that climate policy is

cheaper, it also means that less investments are made in mitigation
options in the energy sector such as electrification of industry, de-
carbonization of transport and large-scale deployment of renewable
energy sources. This implies lower ambitions in the decarbonization
of sectors in energy and industry leading to 27% higher emissions in
these sectors in the 2.6 W/m? afforestation scenario compared to
the reference scenario.

Lower reductions in energy and industry are mirrored by in-
creased reliance on negative emissions. In SSP2-3.4-A, SSP2-2.6-A
and SSP2-1.9-A cumulative negative emissions increase by 92%,
95% and 57% respectively compared to their respective reference
scenarios (Figure 5b). This indicates an important risk as mitigation
pathways including large-scale negative emissions that could lead
to lock-in situations in sectors that are more expensive to decar-
bonize (Anderson & Peters, 2016). Moreover, afforestation causes
a larger share of total negative emissions to be located in low-
income regions: 31% in SSP2-2.6-A compared to 17% in SSP2-2.6-R
(Figure 5d). This indicates a higher risk for implementation and per-
manence when mitigation occurs in regions with high investment

risks and weak governance. In contrast, afforestation does reduce
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negative emissions from BECCS, which has also been criticized as a
high-risk mitigation strategy (Searchinger, Beringer, & Strong, 2017):
for example, compared to their respective reference scenarios the
2.6 and 3.4 W/m? afforestation scenarios involve 13% and 26% less

negative emissions from BECCS respectively.

3.2.2 | Landuse

At moderate and high levels of CO, prices, afforestation is an
economic alternative to agriculture, and therefore agricultural area
is converted to forests. The largest reductions are in the pasture land
because this is the largest share of land in the baseline, is cheaper
than cropland, and there is substantial potential for intensification
in the livestock sector, for example, substituting feed from grass
with feed from crops (Figure 6). In the more stringent scenarios also
cropland for food and feed production is reduced as high food prices
lead to additional intensification as well as reduced food demand. In
all mitigation scenarios the land use for bioenergy increases to allow
for additional climate policy, mostly at the cost of other natural lands

with low carbon stocks such as savannahs.

(a) 2010 land use (b) 2010-2050 land-use change

SSP2-3.4-A, SSP2-2.6-A and SSP2-1.9-A already have substan-
tial afforestation by 2050 (120, 440 and 470 Mha, respectively),
and forests continue to expand towards 2100 (up to 740, 1,090 and
1,150 Mha, respectively). SSP2-4.5-A only shows forest expansion
after 2050 as climate policy is postponed due to the low ambition
target (230 Mha in 2100), while SSP2-6.0-A does not show any af-
forestation because CO, prices are too low to make it profitable.
SSP2-1.9-A also shows a reduction in other forests as bioenergy
plantations replace managed forests in temperate and boreal regions
in order to supply sufficient bioenergy to achieve the 1.9 W/m? tar-
get. Degraded forest lands are afforested in nearly all scenarios as
these are relatively cheap lands.

Notable hotspots of land-use change for afforestation are South
America, China, United States and Sub-Saharan Africa (Figure 4;
Figure S7), because these are regions that currently have large ag-
ricultural areas as well as high potential forest growth rates. Arid
regions such as Northern Africa and the Middle East show limited
afforestation as forest growth rates are very low. On the other
hand, for example, India also shows limited afforestation because
land rents are high due to high population pressure leading to high

demand for agricultural products. This limiting effect is further

(¢) 2010-2100 land-use change
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enhanced during the scenario period as the population of India is
projected to continue to increase.

3.2.3 | Food security

If afforestation is implemented in cost-optimal mitigation policy
across all sectors it is likely to affect food security (Hasegawa
et al., 2015, 2018), though additional measure can counteract these
consequences (Doelman, Stehfest, Tabeau, & Meijl, 2019; Fujimori
et al., 2018). Here we calculate how afforestation and reductions
in agricultural land could negatively affect prices and food security.
Our results show increasing food prices, reduced food availability
(Figures S8 and S9) and, as a consequence, negative impacts on the
population at risk of hunger (Figure 7). In the baseline scenario, the
population at risk of hunger is projected to decrease from 795 mil-
lion in 2010 to 415 million in 2050, and to 209 million in 2100. In
the reference scenarios (SSP2-6.0/1.9-R in Figure 7) avoided defor-
estation policy limits this decrease to 504 million in 2050 and 275
million in 2100. Bioenergy is assumed only to occur on other lands
not required for agriculture or afforestation and therefore does not
affect food security (see Section 2.2). In SSP2-2.6-A, improvements
in food security do not continue resulting in 716 million people at
risk of hunger in 2100. This implies an additional 441 million people
at risk of hunger due to afforestation for climate change mitigation.

2010

2050

= 800

600

200

population at risk of hunger (millio

Giobal Change Bilogy RV TRV

In 2100 in the SSP2-4.5-A, SSP2-3.4-A, SSP2-1.9-A scenarios an ad-
ditional 29 million, 176 million and 517 million people are at risk of
hunger respectively.

Regionally, the effects differ greatly with the majority of the pop-
ulation at risk of hunger living in Sub-Saharan Africa and South Asia
(Figure 7). In 2010, there is still a substantial risk of hunger in China,
however, this decreases to near zero in 2100 in the SSP2-baseline. In
stringent mitigation scenarios, the risk of hunger in China is not much
affected, which is partly due to a declining population by the end of
the century limiting the pressure on the food system (Figure Sé). In
Sub-Saharan Africa in contrast, the population at risk of hunger de-
creases by 56% in the baseline from 2010 to 2100, while in SSP2-2.6-A
itincreases by 86%. In part this is due to continued population growth
in Sub-Saharan Africa as the share of the population at risk of hunger
still decreases. However, also the increase in food prices, which causes

a decline in food availability, has a strong effect (Figures S8 and S9).

3.2.4 | Sensitivity analysis

To test the importance of different parameter settings we per-
formed a sensitivity analysis (for details see Section 2.5 and
Table S7; Figure 8). It is shown that the importance of the various
parameters differs substantially depending on the stringency of the
climate target, that is, at the level of the CO, price. At relatively low
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FIGURE 7 Population at risk of hunger in 10 aggregated regions in 2010, 2050 and 2100 for the baseline scenario, the reference scenarios
(combined in one bar as food security effects are equal), and the afforestation scenarios [Colour figure can be viewed at wileyonlinelibrary.com]
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or moderate CO, prices (SSP2-4.5-A and SSP2-3.4-A: $32/tCO2 and
$112/tCO2 on average in 2020-2100, respectively) most parameters
have a substantial impact: for example, a shorter time horizon leads to
a strong reduction in cumulative carbon sequestration in SSP2-4.5A
and SSP2-3.4-A (-54% and -31%, respectively) due to less carbon
uptake over a shorter time period implying lower expected profit.
Lower afforestation costs or reduced discount rates lead to a strong
increase in cumulative carbon sequestration (ranging from 13% to
29%) as investments are profitable at lower CO, prices. The 4.5 W/m?
and 34 W/m? scenarios result in substantial climate change.
Therefore, including the effect of changes in temperature and pre-
cipitation in combination with CO, fertilization leads to increases in
cumulative carbon sequestration (+30% and +18%, respectively) as
the fertilization effect has a dominant positive impact on tree growth.
Climate change without CO, fertilization has a moderate negative im-
pact on cumulative carbon sequestration (-5% and -2%, respectively).

In a scenario with high CO, prices (SSP2-2.6-A: 515244/tCO2 onav-
erage in 2020-2100) the maximum afforestation rate is a crucial pa-
rameter that strongly affects cumulative carbon sequestration (-44%
and +30% for the negative and positive case, respectively). In con-
trast, afforestation costs and discount rates have a small effect in this
scenario (ranging from -11% to +3%) because the value of CO, se-
questration is so high that nearly all investments are profitable. This
highlights the importance of estimating how fast carbon policy can be
adopted, which is an important uncertainty in mitigation scenarios,
most notably at high CO, prices. Climate change and CO, fertilization
have a limited effect in SSP2-2.6-A (-2% and +9% for the negative and

positive case, respectively) as the global increase in temperature is

kept below 2°C thus preventing large effects on tree growth.

4 | DISCUSSION

In this study we show that afforestation has moderate potential for
negative emissions at low CO, prices (1.5 Gt CO,/year in 2050 at
US$50/tCO,)and high potential at higher CO, prices (4.9 Gt CO,/year
in 2050 at US$200/tC02). When applying afforestation in scenarios
aiming for 2.6 W/m?, cumulative carbon sequestration in 2100
amounts to 410 GtCO, leading to forest expansion of 1,110 Mha.
This order of magnitude is similar to previous studies. Calvin et al.
(2014) investigate a scenario including afforestation with the GCAM
model aiming for an end-of-the-century radiative forcing of 3.7 W/m?
and find an area use of approximately 1,000 Mha resulting in cu-
mulative carbon sequestration of about 590 GtCO,. Humpendder
et al. (2014) test linear carbon tax scenarios up to $194, $1,165 and
$1,942 per tCO, with the MAgPIE model, yielding cumulative carbon
sequestration from afforestation of 400 GtCO,, 700 GtCO, and 800
GtCO, respectively, with area requirements of 2,000 Mha, 2,800
Mha and 3,000 Mha respectively. The SSP2 scenario aiming for
2.6 W/m? developed with the GLOBIOM model (Fricko et al., 2017)
shows cumulative carbon sequestration by the year 2100 of 215
GtCO, with an afforestation area of 830 Mha. Sathaye et al. (2006)
find 176 GtCO, using 230 Mha of land with an exponential carbon
tax of up to $175/tCO, in 2100 using the GCOMAP forestry model.


www.wileyonlinelibrary.com

DOELMAN ET AL.

In comparison to these studies our results are in the middle of the
range both for cumulative carbon sequestration and average carbon
sequestration per hectare of afforested land.

Global estimates of forest growth rates vary widely (van Minnen,
Strengers, Eickhout, Swart, & Leemans, 2008). Previous studies use
either a stylized growth curve (Humpendder et al., 2014; Kyle et al.,
2011) or natural forest growth from vegetation models (Krause et al.,
2017). Natural forest growth in vegetation models underestimates
potential growth rates of trees as no seeding, planting or manage-
ment is taken into account (Braakhekke et al., 2019). This study uses
forest plantations because if afforestation is actively implemented
for the purpose of climate change mitigation it is likely that some form
of management is implemented to enhance tree growth. To achieve
high growth rates, intensive management such as planting of special-
ized tree species, fertilization, thinning or irrigation may be required
(Laclau et al., 2005; Stape et al., 2010). However, such intensive man-
agement may impact the nutrient and hydrological cycles. Moreover,
forest plantations in nonforest biomes or plantations consisting of
exotic species may negatively affect biodiversity (Bremer & Farley,
2010; Hall, Holt, Daniels, Balthazar, & Lambin, 2012). For this reason,
in this study we implement afforestation as planted forest without
active management after establishment. Taking into account differ-
ent management intensities is an important research priority as it
affects the potential of forest-based mitigation options as well as its
trade-offs with nutrient and water cycles and biodiversity.

Including afforestation as a climate change mitigation policy in
stringent mitigation scenarios has important trade-offs with other
policy domains. Because afforestation is relatively cheap, it is pre-
ferred in our scenarios over other more expensive policies such as
electrification of industry, decarbonization of transport and large-
scale deployment of renewable energy sources. As a result, the av-
erage 2020-2100 CO, price required to achieve, for example, the
2.6 W/m? target is reduced by 50% in a scenario with afforestation
compared to a reference scenario indicating that afforestation could
reduce the overall costs of climate change mitigation. At the same
time, in SSP2-2.6-A emissions from energy and industry remain sub-
stantially higher and the reliance on negative emissions to achieve
the mitigation target is nearly doubled. The latter issue is a crucial
risk as it is argued that dependency on future negative emissions
reduces the incentive to invest in decarbonization of the energy
and industry sectors today leading to lock-in situations in carbon-
intensive sectors (Anderson & Peters, 2016). Also, it is argued that
negative emissions could at a later stage prove infeasible or less ef-
fective, leaving society without technologies to undo the damage
(Kartha & Dooley, 2016). This risk is reinforced by our finding that
a large share of the afforestation takes place in middle- and low-in-
come regions (notably Latin America and Sub-Saharan Africa) that
are currently characterized by weak governance and continued
deforestation trends (Harris et al., 2012; Rochedo et al., 2018).
Whether large-scale afforestation is feasible in these regions is very
uncertain. An additional risk in regions with weak governance is
nonpermanence, that is, that forests can be cleared again at a later

stage reversing previous benefits to climate mitigation. Moreover,
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it is uncertain how forests will respond to climate change where a
loss of carbon stocks due to increasing droughts, fire or diseases
could also limit the effectiveness of afforestation (Keenan, 2015).
Many of the IAM scenarios that feed into the IPCC assessments in-
clude large-scale afforestation to achieve the 2°C or 1.5°C targets.
An important direction of research is the development of scenar-
ios achieving stringent mitigation targets without high-risk strate-
gies such as negative emissions or afforestation in the middle- and
low-income regions.

Our results indicate that afforestation policy could pose a risk
to food security due to reductions in agricultural land. The stringent
scenarios aiming for 2.6 W/m? or 1.9 W/m? show that the population
at risk of hunger remains at similar levels as in 2010 as opposed to
a strong decrease in the baseline scenario. The number of people
at risk of hunger in Sub-Saharan Africa and South Asia increases
substantially due to afforestation. These regions are most sensitive
to hunger as average food availability is relatively low causing a de-
crease in food availability to directly lead to an increase in number
of people at risk of hunger. These findings are consistent with other
studies investigating the effect of land competition from land-based
mitigation such as avoided deforestation, afforestation and bio-
energy and the effects of carbon pricing on agricultural emissions
(Frank et al., 2017; Hasegawa et al., 2015, 2018; Kreidenweis et al.,
2016; Tabeau, Meijl, Overmars, & Stehfest, 2017; van Meijl et al.,
2018), showing strong increases in food prices, reduced food con-
sumption and increased populations at risk of hunger. These results,
however, are very uncertain, especially in long-term scenarios. For
one, the sensitivity of consumers to food price changes (i.e. food
demand elasticity) is highly debated, with empirical evidence show-
ing very low elasticities in high-income regions (Muhammad, Seale,
Meade, & Regmi, 2011) and some IAMs assuming zero elasticity of
food demand (Kreidenweis et al., 2016). On the other hand, empir-
ical evidence does show higher elasticities in low-income regions
(Muhammad et al., 2011) and most models do include food de-
mand elasticities (Nelson et al., 2014). Next to this, it is argued that
economic models are not suitable to assess long-term projections
of food demand as they are calibrated to trends in the recent past
and do not take into account physical constraints (Bijl et al., 2017).
Especially when assessing major shocks to the system such as those
from large-scale afforestation, economic models are argued not to
be suited for the major transitions that could be required. Therefore,
the food security results that are presented in this paper need to be
considered in light of substantial uncertainties.

Nonetheless, a recurring notion in the literature is that achiev-
ing a stable climate should not be achieved at the cost of reduced
food security. This is in line with the ambitions of the Sustainable
Development Goals that promote zero hunger (SDG2) as well as
climate action (SDG13; UN, 2015). Therefore, when considering
afforestation for climate change mitigation, it is crucial to take
food security trade-offs into account, even though the quantifi-
cation of the effects is associated with high uncertainty. There
are many possibilities to prevent negative impacts of land-based

mitigation on food security: (a) enhanced agricultural productivity
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for example, through closure of yield gaps (Doelman et al., 2019;
Neumann, Verburg, Stehfest, & Miiller, 2010; van Ittersum et al.,
2013), (b) dietary change leading to reduced consumption of ani-
mal products (Bajzelj et al., 2014; Stehfest et al., 2009), (c) inclu-
sive climate policies that compensate affected people (Fujimori
et al., 2018), (d) or prohibiting land-based mitigation policy in re-
gions that are sensitive to negative food security impacts (Frank
et al., 2017). Furthermore, due to its relative competitiveness and
the large trade-offs, it can be questioned whether afforestation
and the agricultural sector should be confronted with the same
CO, price as the energy and industry sector. More likely, land-
based climate policy should be stimulated through support and in-
centives for climate change mitigation, or managed by regulation.
Still, as land use is responsible for a large share of GHG emissions
and as it plays a key role in negative emission technologies, it is
inevitable that land-based mitigation will have to play a role in a
solution to climate change. Hence, when developing mitigation
strategies involving afforestation or any other type of land-based
mitigation, the trade-offs with food security as well as possible
solutions need to be explicitly taken into account.

The results in this study project afforestation under ambitious
mitigation policy to be economic in almost all world regions that are
reasonably suitable for forest growth. The largest potential is real-
ized in tropical regions, however, also boreal regions such as Russia
and Canada show a substantial increase in forest area. The effective-
ness of afforestation for climate change mitigation in boreal regions,
which have substantial snow cover during part of the year, might
be counteracted by biophysical climate feedbacks due to decreas-
ing albedo. Changes in albedo can cause local warming limiting the
net effect of reduced CO, concentrations (Alkama & Cescatti, 2016;
Schaeffer et al., 2006). Conversely, expansion of forests in trop-
ical regions can enhance evapotranspiration leading to local cool-
ing effects thus increasing its effectiveness (Jackson et al., 2008).
Including these effects in the analysis might substantially change
the mitigation potential as well as land-use dynamics (Jones, Calvin,
Collins, & Edmonds, 2015; Kreidenweis et al., 2016).

A crucial parameter is the maximum afforestation rate, especially in
scenarios with high CO, prices as shown by the sensitivity analysis (see
Section 3.2.4). The maximum afforestation rate is a simple assumption
representing how easy agricultural land can be converted into forest.
However, especially at high CO, prices it can be argued that other
mechanisms such as implementation mechanisms, local governance
and adoption rates are more important determinants of the rate of af-
forestation (Alexander et al., 2013). Independent of the methodologi-
cal approach, land conversion elasticities derived from historical data,
or other mechanisms reflecting assumed rates of change or adoption
of technology play a crucial role in land-use modelling.

An important assumption in this study is that agricultural land
is reduced for afforestation only. This approach clearly shows the
pros, cons and dynamics of afforestation and makes it possible to as-
sess the food security and mitigation policy effects of afforestation
only. However, in reality there will be competition between land use

for afforestation and other land-based activities such as bioenergy

production or biodiversity protection. It might be more efficient from
a mitigation perspective to use forest areas for production of biomass
for bioenergy while also maintaining carbon stocks (Lauri et al., 2014),
or to use biomass to substitute emission-intensive materials such as
concrete or steel (Leskinen et al., 2018). A comprehensive, grid-based
comparison combining afforestation potentials as presented in this
study and emission-factors of biomass supply chains as presented in
Daioglou et al. (2017) might be able to answer this question.

In this study we have shown that moderate potential for af-
forestation for climate change mitigation exists at low costs (1.5
GtCO,/year at $50/tCO, in 2050) and high potential at moderate
costs (4.9 GtCO,/year at Ei‘>200/tCO2 in 2050). Including afforesta-
tion cost-optimally as a mitigation option in scenarios for stringent
climate targets results in a strong decrease in CO, prices indicat-
ing that afforestation can substantially reduce overall mitigation
costs. At the same time, afforestation may lead to lower mitigation
ambition and lock-in situations in sectors in energy and industry.
Moreover, major risks exist regarding implementation and perma-
nence as the negative emissions are increasingly located in regions
with high investment risks and weak governance. Next to this, af-
forestation in our 2°C scenario causes reductions in agricultural
land leading to competition with food production. Consequently,
food security could be at risk as shown by an increased popula-
tion at risk of hunger, most notably in Sub-Saharan Africa and
South Asia. These food security effects are a crucial trade-off
of large-scale afforestation. Recent publications have presented
afforestation as one of the main solutions to prevent dangerous
climate change (Bastin et al., 2019; Griscom et al., 2017; Lewis
et al., 2019). While afforestation indeed has substantial potential
for mitigation, we show that there are also major risks and trade-
offs involved. Pathways aiming to limit climate change to 2°C or
even 1.5°C need to minimize these risks and trade-offs in order to

achieve mitigation sustainably.
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