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Abstract

Achieving a low-carbon future requires a comprehensive approach that combines emission mitigation
options from economic activities with the sustainable use of land for numerous needs: food
production, energy production, carbon sequestration, nature preservation and broad ecosystem
services. Using the MIT Integrated Global System (IGSM) framework we analyze land-use
competition in a 1.5°C climate stabilization scenario, in which demand for bioenergy and natural
sinks increase along with the need for sustainable farming and food production. We find that despite
numerous trade-offs, global land is sufficient to provide increased consumption of food per capita
(without large diet changes) over the century while also utilizing 2.5-3.5 billion hectares (Gha) of
land for nature-based solution (NBS) practices that provide a carbon sink of 3-6 gigatonnes (Gt) of
COz per year as well as 0.4-0.6 Gha of land for energy production—0.2-0.3 Gha for 50-65 exajoules
(EJ) per year of bioenergy and 0.2-0.35 Gha for 300-600 EJ/year of wind and solar power generation.
Attaining this outcome, capable of delivering a 1.5°C future, requires effective policies and measures
at national and global levels that promote efficient land use for food, energy and nature (including
carbon sequestration), ensuring the long-term commitment needed to realize many of the benefits of
climate change mitigation.



1 Introduction

A transformation of both the energy system and land use are necessary in order to limit global
warming to 1.5°C while also meeting needs for food and environmental sustainability (IPCC, 2023).
This has led to widespread concern that there may not be enough land to meet all the needs for food
and nature whilst providing land for urban environments, energy production, and nature-based carbon
sequestration (e.g., Searchinger and Heimlich, 2015; Rulli et al., 2016; Fehrenbach et al., 2023).
Following the goals of the Paris Agreement (UN, 2015), numerous governments, international
organizations and companies advocate for and explore sustainable pathways to net-zero emissions.
Achieving the net-zero targets requires not only reducing anthropogenic greenhouse gas (GHG)
emissions, but also increasing removals of GHG from the atmosphere (IPCC, 2023; Morris et al.
2023).

Recent studies have shown that the land sector plays an especially important role in such low-
emissions pathways, particularly through land-based carbon dioxide removal (e.g., bioenergy with
carbon capture and storage (BECCS), afforestation/reforestation and other nature-based solutions
(NBS)), energy crops and changing agricultural practices (Roe et al., 2019; Hasegawa et al., 2021;
Morris et al., 2024). Land for the expansion of wind and solar generation, and potentially direct air
capture facilities, adds further pressure for land (e.g., MIT Joint Program, 2023; van de Ven et al.,
2021). Given the broad range of climate change mitigation options that rely on land, careful
consideration of trade-offs between those options is needed. For example, those options vary in terms
of the amount of land required, their mitigation/sequestration potential, their energy production, their
implications for food security, and their impact on wider ecosystem services such as the ability to
improve biodiversity or combat desertification and land degradation. Particular attention has been
given to trade-offs between using land for BECCS and/or NBS vs. for food production and/or nature
preservation (e.g., IPCC, 2020; Donnison et al., 2020; Seddon et al., 2020, 2021; Vera et al., 2022;
Boysen et al., 2017). While globally, the sheer amount of usable land (see Section 2) does not appear
to be a limiting factor for multiple uses of land, it is not clear how realistic it is to pursue all potential
options at once. Lastly, increasing land competition may impact the resilience of natural land carbon
sinks that play a crucial role in partially mitigating anthropogenic climate change (Ruehr et al.,
2023).

Decisions will need to be made about how to best use land in any given location for a sustainable
low-carbon future. Toward that end, there are many estimates of the amount of land that could be
demanded for different purposes. The Food and Agriculture Organization (FAO) of the United
Nations estimated that the global arable land area must increase by 165 million hectares (Mha) to
guarantee food and material supplies by 2050, which corresponds to an expansion of arable land by
11% (FAO, 2018). FAO stated that the additional land requirement may increase to 325 Mha (or 21%
expansion) under less favorable prospects for population growth, dietary changes, climate impacts on
yields, rate of technological progress and institutional aspects (FAO, 2018). Fajardy et al. (2021)
evaluated that land needs for bioenergy by 2100 under 1.5°C or 2°C stabilization may require
between 80 Mha (to produce only 22 EJ/yr of primary energy) and more than 500 Mha (to achieve
300-400 EJ/yr), depending on BECCS availability, biomass yields and climate stabilization targets.
Falling within that range, Smith et al. (2016) estimated 380 Mha of land required for 170 EJ/yr of
bioenergy in 2100.

The use of NBS, sometimes also referred as Natural Climate Solutions (NCS; Environmental
Defense Fund, 2024), has been estimated to require active management of more than 4 billion
hectares (Gha) to achieve their maximum potential contribution of ~30 GtCOze/yr in mitigation (Roe



et al., 2021). However, that is a technical maximum combining all NBS activities at once, and a more
feasible estimate is in the range of 2 Gha to achieve a cost-effective potential contribution to
mitigation. For context, the global land area dedicated to agriculture (crops and livestock) exceeds 4
Gha and estimates of additional land area available for reforestation are 678 to 900 Mha (Griscom et
al., 2017; Bastin et al., 2019). At the same time, estimates of global area of abandoned agriculture
are quite sizeable, between 390 Mha and 475 Mha (Campbell et al., 2008).

With many competing demands for land, the question arises whether there is enough land to meet
climate goals and agricultural/food needs while preserving and restoring ecosystem functions,
including biodiversity. Is it possible to allocate land for food, carbon sequestration, energy and nature
globally and regionally to address both human and environmental needs? What are the required
actions and changes in land use to achieve these needs?

The goal of this paper is to assess the land competition that arises while achieving a 1.5°C
temperature stabilization target. In particular, we use the MIT Integrated Global System Modeling
(IGSM) framework (Sokolov et al., 2018) to assess the land implications of the Sky 2050 scenario
(Shell, 2023), where the world is developing in increasingly sustainable directions across both land
and energy systems. Sky 2050 is a 1.5°C scenario with an overshoot (category C2 by the definition of
the IPCC (IPCC, 2023)) which was designed to achieve a global net-zero target for total
anthropogenic COz emissions (i.e., energy + industry + land use) in the year 2050. When including
non-CO2 GHGs, net emissions in this scenario decline to zero in 2062 and stay below zero until
2100. The profiles for GHG emissions and the temperature implications of this scenario are described
in Sokolov et al. (2023). While for illustrative purposes we focus on Sky 2050 (namely because it
involves a detailed consideration of NBS and provides public information for many relevant energy
and land characteristics), similar land competition and trade-offs will be required in other scenarios
that target 1.5°C stabilization, such as those summarized by IPCC (2023) or those developed by other
entities (e.g., IEA, 2023; MIT Joint Program, 2023).

In the following sections, this paper: i) summarizes current global land use, ii) describes the methods
we use for assessing future trajectories for land use, iii) discusses global and regional land-use
implications, and iv) evaluates the feasibility of achieving the land-use optimization needed by such a
1.5°C scenario.

2 Current global land use and land-use emissions

Land covers almost 15 Gha of our planet’s surface, distributed among habitable land, glaciers (ice
covered areas), and barren areas (FAO, 2019). As we discuss later, different sources (e.g., FAO,
IPCC) use different land use/land cover categorization, and, as a result, the total 15 Gha is sometimes
divided in a different fashion between several land use types. In Figure 1, we use the data from FAO
(2019) to illustrate how the current use of the 10.4 Gha of habitable land is split between five major
categories: two categories are related to agriculture (crops and livestock) and three categories are
related to other uses and covers (forests, shrubland, and urban areas).

As shown, the global area dedicated to livestock production occupies 3.7 Gha and global cropland
uses another 1.1 Gha. These categories of agricultural land provide different contributions for the
global supply of calories and protein. Although the global area dedicated to crops is only one third of
the area for livestock and dairy, crops provide 82% of the total calories and 61% of the global protein
supply (FAO, 2023). As for other land uses, forests and shrublands account for 4.0 Gha and 1.7 Gha,
respectively. Urban areas and freshwater areas occupy additional 0.3 Gha.
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Figure 1. Current global land use (in gigahectares, Gha, and percentage of total) by land category
and shares of animal and plant-based sources in global supply of calories and protein. Data source:
Ritchie and Roser (2013), FAO (2019).

Land used for energy production is not typically a land use/land cover category estimated in most
global data sources, and therefore needs to be estimated. To evaluate the land areas used for energy
production, we apply the estimates from Shell (2023) for wind and solar and the EPPA model
estimates for bioenergy based on the approach from Winchester and Reilly (2015). The 2020 land
requirements for wind and solar are consistent with the estimates from the U.S. National Renewable
Laboratory (NREL, 2019), where 1 MW of solar generating capacity requires about 1 ha of land, and
1 MW of wind capacity requires 15-20 ha of land. For wind, only 1-2% of that area is used directly
by turbines and other supporting infrastructure, and the remaining area might be used for other
purposes (e.g., farming). However, in this study we are interested in the upper bound for a potential
land use. Hence, in our estimates we assign the full area to wind generation. We also separate
onshore and offshore wind based on the BNEF 2022 Energy Outlook (BloombergNEF, 2022), and
our wind-related reporting reflects only the areas for onshore generation. Over time, the amount of
wind and solar energy produced on a particular land area is prescribed to increase due to improved
packing density and conversion efficiency. We follow Shell (2023) and use the following trajectories

4



for energy generated per year per ha: 3.4 TJ/ha for solar and 0.57 TJ/ha for wind in 2020, 7.4 TJ/ha
for solar and 0.58 TJ/ha for wind in 2050, and 9.5 TJ/ha for solar and 0.58 TJ/ha for wind in 2100.

Table 1 shows the resulting estimates of global and regional land use for energy. In the regions with

substantial bioenergy production (Brazil, Europe, USA), the share of land used for energy is between
1.7% and 2.6% percent. However, the global share of land dedicated to energy is less than 1%. Note

that we do not include the land areas for fossil fuel production and mining of critical materials.

Table 1. Land area (in Mha) used for bioenergy, wind generation and solar generation in 2020.

Land for: Total Share of land
Region Bioenergy ~ Wind Solar Land for energy (%)
USA 22.6 1.6 0.1 930 2.6
Europe 8.8 1.8 0.1 486 2.2
China 12.0 2.9 0.2 933 1.6
India 2.2 0.5 0.0 296 0.9
Brazil 13.9 0.3 0.0 855 1.7
Rest of the World 36.4 1.3 0.2 9950 0.4
WORLD 95.9 8.0 0.6 13450 0.8

Changes in the uses of land induce changes in related emissions. According to IPCC (2023), the
corresponding net anthropogenic GHG emissions from land use, land-use change and forestry
(LULUCEF) are subject to large uncertainties and high annual variability. Global LULUCF CO;
emissions (annual average for 2010-2019) are estimated to be in the range of 5.9 + 4.1 GtCO2e/yr
(IPCC, 2023). The Global Carbon Project in its 2023 edition estimates the 2022 global net
anthropogenic land-use change emissions to be 4.2 GtCOze/yr (Friedlingstein et al., 2023). While
different editions of the Global Carbon Project provide different estimates for historic land-use
change emissions, the recent estimates seem to settle at a number around 4 GtCOze/yr.

It is worth to note that alternative methodological approaches for estimating emissions from
Agriculture, Forestry and Other Land Uses (AFOLU) lead to different values. National GHG
inventory reporting separates the net flux from LULUCF and the net flux from Agriculture (IPCC,
2023). They include direct human-induced effects and, in most cases, indirect effects due to
anthropogenic environmental change. These include changes in biomass carbon stock in forest land
that may include unmanaged natural forest. Food and Agriculture Organization of the United Nations
(FAO) follows the similar approach in reporting emissions from agri-food systems that include land
use and land use change emissions. However, according to IPCC (2023), for calculating
anthropogenic land CO- in integrated assessment models and book-keeping models, such as Global
Carbon Project, only the impacts of direct effects and only for those areas that are subject to intense
and direct management are considered. These models also estimate non-anthropogenic land CO; flux,
and separations between anthropogenic and non-anthropogenic land CO> fluxes are not always
consistent (IPCC, 2023). Typically, national GHG inventories report lower net land-use emissions
with a global total between 1 and 1.5 GtCOze/yr in 2016-2019 (IPCC, 2023). For the Sky2050
scenario, we have used the data consistent with the Global Carbon Budget estimates with historic
land-use change CO- emissions around 4 GtCOze/yr (Sokolov et al., 2023).

How LULUCF emissions will change in the future depends on future decisions about how to use
land, given competition for multiple uses. The IPCC (2023) points to the potential for anthropogenic
land-use to transition from being a net-source of GHG emissions today to a large net-sink (8 to 14



GtCO2e/yr) by mid-century, if land-use carbon mitigation is supported at the level of 100
USD/tCOze. In addition, IPCC’s illustrative mitigation pathways include net CO2 removal on
managed land with a range of 0.23 to 6.38 GtCOz/yr in 2050. On such timescales, the natural land
carbon sink also acts to partially buffer CO2 exchange between the atmosphere and biosphere through
CO: fertilization of photosynthesis (see Ruehr et al. (2023) for a comprehensive review).

3 Methods

To explore potential future land competition, we combine detailed bottom-up modeling/estimates of
land uses from the Sky 2050 scenario with the top-down modeling of land use change using the MIT
Economic Projection and Policy Analysis (EPPA) model, each of which is described below.

3.1 Bottom-up modeling of the potential for nature-based solutions (NBS)

The Sky 2050 scenario is designed to meet the goal of net-zero (anthropogenic) CO> by 2050; it is a
“high overshoot” 1.5°C pathway (i.e., C2 category), based on IPCC’s definition, sitting in the middle
of the IPCC scenarios’ C2 range (Sokolov et al., 2023). The scenario is unique among 1.5°C
scenarios due to its detailed consideration of NBS, using country level madelling for both energy and
the development of NBS, in an integrated narrative. NBS achieve atmospheric CO> reduction through
the conservation, restoration, or altered management of natural ecosystems (Waring et al., 2023). The
Sky 2050 scenario seeks to recognize that implementing change, scaling up technologies or rolling
out changes in land-use takes time to build when they are in their infancy today. The land-use
analysis in the scenario draws heavily on the latest academic literature, reviewed by IPCC ARG
(IPCC, 2023), for the long-term and cumulative potentials.

In particular, data developed by Cook-Patton et al. (2020) and the underlying references of Roe et al.
(2021) are used for the modeling of the scale-up of NBS and the total ultimate potential land areas
and cumulative CO» impact for protection, improved management or restoration. While the Sky 2050
scenario is highly ambitious, it does apply cost constraints for all NBS activities that require a change
in land use or management (e.g., reforestation, regenerative agriculture, peatland/forest
management). In related literature this is commonly referred to as the ‘cost-effective’ available area
and implies that implementing the NBS activity would require no more than 100 USD/tCO. (Roe et
al., 2021, IPCC, 2023). The analysis is built up from a combination of changing land areas under
management together with profiles of CO> stored and taken up through time in different ecosystems.
Temporal profiles are based on an analysis that uses country-, NBS pathway-, and scenario-specific
profiles of how hectares under management (i.e., “enrolled”) scale up.

The approach assesses how five categories of barriers (economic, political, technological, socio-
cultural and environmental) will affect the deployment rate, separately across 19 different NBS
pathways for 200+ countries, for each scenario. For simplicity, all pathways start this enrollment in
2023, but many do not reach material scale for several years or even decades, dependent on the
pathway and country. The greater the number of barriers to overcome, the slower the scale-up to the
peak rate (ha/yr) of enrollment. The calibration of peak rates is based on a combination of expert
elicitation, comparison with historic enrollment rates of ambitious NBS projects (e.g., US national
forest expansion in the 1930s, large-scale reforestation campaigns in China in recent years) and
validation against current ambitions (e.g., UK net-zero reforestation ambitions — Committee of
Climate Change, 2020). The resulting anthropogenic land-use emissions fall from a net source of 4
GtCO2/yr today to a net sink of -6.1 GtCO2/yr in 2050 (Sokolov et al., 2023). The cumulative
anthropogenic land-use emissions in 2023-2100 in the Sky 2050 scenario are -312 GtCO..



The second part of the calculation uses existing literature (Roe et al., 2019) to distribute rates of CO>
removal and avoidance on a unit area and time basis (i.e., tCO2/ha/yr). This uses country-specific
rates for each different NBS type and applies a temporal distribution that describes that activity’s
temporal impact on mitigation (e.g., 1 hectare of avoided deforestation generates all emission
reductions at the time the area is protected, whereas emission reductions generated by reforestation
follow a lognormal distribution starting from the year trees are planted). For more detail on this
calculation, see Barros et al., 2023. Many of these temporal profiles are generalized across several
countries or climatic zones, but do represent the fact that reforestation in tropical zones may reach
peak CO2 sequestration rates within 6 years whereas reforestation in mid or high latitudes may take
10+ years after saplings have been planted.

Additionally, forests in different regions may reach equilibrium and limit additional sequestration
over different time horizons (Cook-Patton et al., 2020). Avoidance pathways use the most recent
assessment of current carbon stock levels. For some, such as avoided deforestation, if a hectare is
protected then the emission reductions are accounted for in the year in which the hectares are
enrolled, but the land area is considered enrolled and managed indefinitely, despite no longer
generating any emission reductions. For other NBS activities, such as fire management in savannahs,
avoided emissions can be ongoing. An important result from the two steps of the calculation is that
both the scaling up of capacity to enroll hectares in land management programs, and factoring in the
time from enrollment to CO, uptake, act as lags in removing CO2 from the atmosphere. This bottom-
up approach produces projections of land use that account for realistic constraints to the deployment
of NBS.

3.2 Top-down modeling: The Economic Projection and Policy Analysis (EPPA) model

To assess land-use competition between different categories of land, we use the MIT Economic
Projection and Policy Analysis (EPPA) model. EPPA is a dynamic multi-sector, multi-region
computable general equilibrium (CGE) model of the world economy (Chen et al., 2022; Paltsev et
al., 2005). It is designed to develop projections of economic growth, energy transitions and
anthropogenic emissions of greenhouse gas and air pollutants. Land use changes in EPPA are
explicitly modeled by land use transitions among five major land categories (cropland, pasture,
managed forest, natural grassland and natural forest) taking into account costs of transitions and
associated emissions and maintaining consistent supplemental physical accounts of land (Gurgel et
al., 2016, 2021).

Conversion of natural areas to agriculture follows a land supply response based on land conversions
observed over the past few decades. Land can move to a less intensely managed use (e.g., from
cropland to pasture or forest) or be abandoned completely and return to “natural” grass or forest land
if investment in managed land is not maintained. Direct and indirect emissions associated with land
use changes is represented in the model. Agricultural goods (e.g., crops, livestock, forestry) are
produced by combining land, capital, labor, energy and intermediate inputs under multi-nested
Constant Elasticity of Substitution (CES) functions. Alternative bioenergy technologies (e.g., liquid
biofuels, bioelectricity, BECCS) are considered in EPPA, and require cropland areas to be deployed.

Future projections in the EPPA model are driven by economic decisions related to savings and
investments, productivity improvements in labor, capital, land and energy, changing demand for
goods and services due to income growth and international trade, and depletion of natural resources.
These economic drivers, combined with imposed policies such as GHG emissions constraints,
determine the economic trajectories over time and across scenarios and, consequently, land use



changes. In terms of policies, EPPA uses a 1.5°C increase by the end-of-century with a 50%
likelihood given an assessment of uncertainty in climate response to greenhouse gas forcing in the
MIT Earth System Model (MESM). Global GHG emissions are driven by regional emissions caps
based on the existing NDC commitments by 2030 and proportional historical contributions to GHG
concentrations beyond that, assuming differentiated responsibilities across regions. In order to
capture the potential contribution and land use competition from large adoption of NBS, in EPPA
emissions from land use changes are included under the cap and afforestation/reforestation activities
can generate carbon credits toward the climate stabilization goal.

A strength of the EPPA model is its economy-wide representation, which captures economic
dynamics across multiple sectors of the economy, driving market-based demand for land. However,
as a top-down model, EPPA is limited to aggregated representations of land types and land
management /mitigation options. It lacks the level of detail considered in the Sky 2050 scenario,
particularly details related to NBS. Therefore, to assess potential future land competition among food
production, energy production, and carbon sequestration via NBS, we combine the detailed bottom-
up estimates of land uses from the Sky 2050 scenario with the top-down modeling of land use change
using the EPPA model. We do this by overlaying the demanded areas for alternative land uses from
Sky 2050 in EPPA and evaluating the consistency between them. More specifically, assuming the
same climate stabilization target, we combine the NBS adoption rates and projections of land used
for renewable energy sources from Sky 2050 with land use projections from EPPA which account for
changes in income, food and energy consumption and prices due to the climate stabilization target
and future development of societies. We then verify if the detailed bottom-up Sky 2050 land use
requirements are compatible with the top-down EPPA market mediated projections on land demand
to achieve the 1.5°C target while also satisfying future demand for food, energy and other land-
intensive materials.

4 Results

4.1 Global land use: 1700-2100

Global land use was quite stable among broad land use categories before the Industrial Revolution
(Figure 2). In the middle of the nineteenth century, changes in land use from natural vegetation to
pasture and cropland accelerated—1.08 Gha of natural forests and natural grassland that existed in
1800 became agricultural areas by 1900, and had risen to 3.41 Gha converted by 2000. The most
recent 50 years have experienced declining rates of land use conversion worldwide. As shown in
Figure 2, strong decarbonization efforts in the 21% century require a halt of historical deforestation
trends and a movement toward forest regrowth and more efficient management of existing pasture
and grassland areas. It also requires increasing amounts of land used for renewables (bioenergy, wind
and solar). At the same time, even with productivity increases, the total amount of cropland must
grow somewhat for food production to keep up with population and economic growth, while the
significant potential for pasture productivity increases allows land for pasture to slightly decline
while still meeting growing demand for products from livestock. Our results are consistent with the
IPCC (2023) summary of 1.5°C scenarios that require substantial action on both land and energy.
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Figure 2. Historical global land use and future projections by broad categories (in Mha). Data
source: Kicklighter et al (2019) for 1700-2000, IPCC (2020) for 2015, EPPA model projections for
2020-2100.

A relevant aspect of the land use change assessment is the fact that different databases use alternative
classifications of land use categories, which poses challenges in comparing specific land use types, as
can be noticed by the three alternative datasets displayed in Figure 2. Major differences among the
datasets are due to land use/land cover categorization and the number of land use types. Kicklighter
et al. (2019) land use is based on land use transitions from Hurtt et al. (2011) from the year 1500 to
the year 2100. IPCC land use areas relies on the data and approaches described in Lambin and
Meyfroidt (2011), Luyssaert et al. (2014), and Erb et al. (2016). Land areas in the EPPA model
combine the data from FAO (2019) and Kicklighter et al. (2019) to disaggregate total forest into
natural and managed forest and to split grasslands into pastures and natural grasslands. We map land
use categories from alternative databases to the categories used in the EPPA model (see Table Al in
the Annex) to allow a proper.comparison. The total land area in Kicklighter et al. (2019) and EPPA is
consistent and equals to 13.46 Gha, while IPCC reports the global ice-free area as 13 Gha. These
numbers are close to the global area reported in Figure 1 (13.5 Gha), when glaciers are removed from
the overall number. Overall, the general historical trends are similar in direction and relative size
across most databases.

4.2 Nature-based solutions

Under the decarbonization ambitions of a 1.5°C scenario, there is significant potential for NBS to be
deployed at large scale. Figure 3 presents the required annual adoption of NBS projections in the Sky
2050 scenario. The two largest adopted options are related to agricultural areas, such as NBS in
cropland (including both biochar and a broad suite of regenerative agricultural practices to reduce
emissions and increase soil carbon sequestration) and optimal grazing in pasture areas, which grow
fast after 2023, achieve adoption peak rates above 50 Mha per year by 2040, and saturate at the
beginning of the 2070s. Natural forest protection also increases, experiencing annual maximum
deployment rates of 21 Mha by 2040s and declining thereafter, ceasing completely by 2080. Fire
management deployment for grasslands and savannahs expands to 10 Mha by 2040 and keeps this
rate of adoption until the end of the century. While this pathway is expressed as 10 Mha/yr, it does
not necessitate the enrollment of new area each year; emission reductions can be derived from



reducing the intensity/severity of fires in the same area each year. Other relevant NBS practices do
not achieve such large rates of adoption, but may accumulate to sizeable amounts by the end of the
century, which is the case of reforestation of natural forest areas, achieving 202 Mha, and grassland
protection, which covers 246 Mha.
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Figure 3. Annual increments in land areas for different categories of nature-based solutions. Source:
authors calculations.

As NBS areas increase through the end of the century, they will compete with other land uses, such
as food production, bioenergy and other renewable sources. Figure 4 shows how these competing
uses can fit in EPPA’s projections of land requirements under 1.5°C stabilization. Adoption of NBS
practices in crop production accelerates after 2030 and covers more than 60% of total cropland area
by the end of the century. Bioenergy production requires 286 Mha by the end of the century, while
land dedicated to solar and onshore wind generation achieves 347 Mha. Natural forest areas grow by
355 Mha from 2015 to 2100, which is larger than the 202 Mha projected reforestation areas in Sky
2050, since in the EPPA model we also represent market incentives, such as carbon offsets, in
reforestation projects that leads to a larger increase in natural forest areas. Almost half of the natural
forest area is explicitly convening some NBS by 2100, including forest protection and improved
management, and only a very small amount is attributed to reforestation. Despite the expansion of
NBS, forest protection and restoration, between 2020 to 2100 forestry products per capita are
increased by 213%.

Cropland and forest expansion are possible due to a sharp contraction of 13% (-420 Mha) in pasture
areas from 2015 to 2100, as well as some loss of natural grassland areas (-282 Mha). Such strong
conversion of pasture areas is driven by increasing GHG prices on land use changes and methane-
intensive livestock activities, but also due to current low productivity in grazing activities in several
developing countries around the world, which makes the intensification of livestock practices
relatively cheap when GHG emissions are constrained. The remaining pasture area by 2100 is still
large enough to accommodate the NBS projections from Sky 2050, which covers 42% of the total
pasture area. Sky 2050’s projection of NBS related to cropland covers 61% of total cropland by the
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end of the century, and improved grazing practices are adopted by 42% of total grasslands. We
allocate several NBS opportunities not directly related to major agricultural and natural land use
types represented in EPPA, such as protection and restoration of peatland, mangrove, seagrass and
salt marshes, on EPPA’s “other” land use category, since these are quite small areas compared to
other NBS options.
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MW Other: Traditional
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8000
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Figure 4. Global land use by categories. Source: Authors calculations.

Focusing specifically on agriculture, NBS is projected to grow significantly. The 4.7 Gha of land
dedicated to agriculture and bioenergy in 2015 is projected to reach 5.0 Gha by 2030, and then
stabilize throughout the period to 2100 (Figure 5), according to EPPA projections under a 1.5°C
stabilization scenario. The allocation of agricultural land among different uses will be very different
by 2100 from today, and will include large areas of NBS. NBS in pasture areas will grow from 127
Mha in 2030 to 1.0 Gha by 2050 and 1.2 Gha by 2100, while NBS in cropland will evolve from 111
Mha to 990 Mha by mid-century and 1.2 Gha by 2100.

11



s
2015
s T
2015
e - I
2030 d
Agricultural Land wo TN . I
2050
Agricultural Land 1173 - B I
2100

0 2000 4000 6000 8000 10000

M Agriculture M Forest m Other W Pasture m NBS in Pasture/Livestock B Crops 1 NBS in Crops M Energy crops

Figure 5. Projections for agricultural land use in the Sky scenario. Source: authors calculations.

Total land managed for NBS by the end of the century is projected to be about 3.5 Gha, of which
0.77 Gha is related to forest, 1.17 Gha to cropland, 1.17 Gha to pasture, 0.26 Gha to grassland and
0.15 Gha to other land types. Globally, there is enough land in each category to accommodate the
NBS projections from Sky 2050, while also ensuring growing demand for food and other land-based
products is met. In particular, our results show that despite economic and population growth (MIT
Joint Program, 2023) increasing demand for food, NBS does not interfere with the provision of food,
and in fact, between 2020 to 2100 nutrients per capita are increased by 161%. Still, it is important to
note again that this scenario represents an ambitious expansion of NBS, which can present challenges
at the regional scale (see Section 4.5).

4.3 Land for energy

Table 2 shows the projected land areas used for bioenergy, onshore wind and solar power generation
in 2050 for the selected regions in the Sky 2050 scenario. Table 3 provides the corresponding
information for 2100. Global land area dedicated to bioenergy is projected to more than double by
mid-century. It grows from about 100 Mha in 2020 (see Table 1) to 242 Mha in 2050 and 286 Mha
by 2100. Dedicated biomass growing areas enable growing bioenergy consumption. The total
commercial bioenergy use (i.e., including first-generation biofuels, second-generation biofuels and
commercial solid biomass, but excluding traditional bioenergy used for heating and cooking) grows
from about 20 EJ in 2020 to about 50 EJ in 2050, and about 70 EJ in 2100. We consider this as a
conservative projection for bioenergy demand growth, because some alternative scenarios project a
larger role for bioenergy with carbon capture (IPCC, 2018; Fajardy et al., 2021). In the Sky2050
scenario, we take into account sustainability criteria preventing unintended consequences on global
food security and environmental quality.
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Land used for wind and solar generation grows much faster because of accelerated deployment of
these sources of energy in a decarbonized world. In 2020, the global areas for wind and solar
generation were 8 Mha and 0.6 Mha, respectively. By 2050, they are projected to grow to 180 Mha
and 21 Mha. By the end of the century, the areas grow further to about 300 Mha for wind power and
to 45 Mha for solar power. As shown in Tables 2-3, total energy-dedicated land areas are reaching 7-
9% of the total land areas in the USA, China and India. Globally, land for energy is increasing from
less than 1% of total land area in 2020, to about 3% in 2050, and to about 5% in 2100 (about 0.6
Gha).

Mha Land for Total Share of land

Bioenergy | Wind Solar Land for energy (%)
USA 50.2 16.8 1.1 930 7.3
Europe 13.5 12.6 1.0 486 5.6
China 39.0 33.6 5.3 933 8.3
India 2.7 19.5 3.1 296 8.5
Brazil 16.8 2.7 0.4 855 2.3
Rest of the World 119.8 94.0 10.1 9950 2.3
WORLD 242.0 179.1 21.0 13450 3.3

Table 2. Land area used for bioenergy, wind generation and solar generation in 2050.

Mha Land for Total Share of land
Bioenergy | Wind Solar Land for energy (%)
USA 58.0 26.2 2.1 930 9.3
Europe 135 145 1.0 486 6.0
China 454 18.3 5.6 933 7.4
India 3.4 17.2 6.8 296 9.3
Brazil 16.7 3.5 0.7 855 24
Rest of the World 149.3 222.9 28.3 9950 4.0
WORLD 286.2 302.7 445 13450 4.7

Table 3. Land area used for bioenergy, wind generation and solar generation in 2100.

The amount of renewable energy in the Sky2050 scenario is consistent with similar scenarios in other
energy outlooks. For example, the International Energy Agency in its net-zero scenario (IEA, 2023)
projects that in 2050 the share of wind and solar in global primary energy will be 41% and the
corresponding share for bioenergy is 18%. The Sky 2050 scenario is slightly more optimistic about
wind and solar generation with their 2050 combined share of 43%, and slightly less optimistic about
bioenergy with its share at about 10% of total primary energy. The differences in bioenergy are
mostly related to different assumptions about traditional biomass and solid commercial biomass.

4.4 COg2sequestration

Figure 6 presents the CO> sequestration contributions from NBS deployed in major land use types in
the Sky 2050 scenario. The correspondence between land use types and NBS categories for CO>
sequestration is provided in Table A2 of the Appendix. Forest NBS opportunities provide the largest
contribution and can reach more than 3.7 GtCO»/year by mid-century, but decline thereafter due to
several reforested areas approaching or reaching a maturation age at which point the net sequestration
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of carbon on living biomass is small. NBS in agricultural activities is the second largest CO> sink and
may sequester around 2 GtCOz/year for several decades. NBS in Grassland contributes to
sequestering at most 1 GtCO./year by mid-century.

6000

M Agriculture M Blus M Forest Grassland ®Wetland

4000

2000

Mt CO,fyear

-2000

-4000

-6000

-8000
2020 2025 2030 2035 2040 2045 2050 2055 2060 2065 2070 2075 2080 2085 2090 2095 2100

Figure 6. Annual carbon emissions and sequestration from different NBS types (agriculture, blue,
wetland, grassland, forest). Source: authors calculations.

Among the NBS options in agriculture areas (Figure 7), biochar provides the largest sequestration
from a single activity and is the only one where emission reductions are continuing to increase at the
end of the century. Other options, such as optimal grazing practices, legumes in pastures,
regenerative arable agriculture, and agroforestry may contribute with substantial CO> removals at
mid-century, but as carbon in soils reach a saturation level and adopted areas stabilize around
equilibrium carbon stocks approaching the end of the century, their contribution to sequester
additional CO; reduces.
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Figure 7. Projections for CO> sequestration in crops and livestock. Source: authors calculations.

4.5 Regional land-use changes

Land use at the global level can accommodate the multiple demands expected under a 1.5°C climate
stabilization scenario. At the regional level, however, challenges to integrate all land uses may arise.
We explore such potential challenges by considering land use allocation in a set of selected major
countries and regions in the world (Figure 8).
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Figure 8. Land use evolution (2015-2100) in selected regions (USA, Europe, China, India, Brazil,
Africa). Source: authors calculations.
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In the USA, NBS related to livestock activities occupies 88% of total available pasture land by 2100.
Almost half of the other land use category is needed to accommodate other types of NBS and solar
energy, while we assume onshore-wind is placed on cropland areas. In the case of Europe, the
placement of wind, solar and some NBS on Other land is even more challenging, requiring 74% of it,
which means a possible competition with urban and infrastructure areas. NBS in cropland and
pastures also may raise concerns, since only 16% and 12% of these land categories, respectively, are
not adopting some kind of NBS by 2100.

In large developing countries we observe mixed outcomes. In China, the amount of required NBS in
crops to achieve 1.5°C needs to cover the total cropland available plus most of the area dedicated to
bioenergy crops. India faces several land use competition issues: wind, solar and some NBS will
require 80% of the Other land category by 2100, around 70% of the already limited pasture areas
need to adopt some NBS, and 73% of the 150 Mha of cropland will be required to produce crops
using NBS approaches.

Among the major food and bioenergy producers in the world, only Brazil seems to face moderate
pressures on land use constraints due to NBS adoption in agriculture and major natural land use
categories. However, the country has a very small area of the Other land use category, and the
deployment of solar, wind and other NBS types will require the equivalent of 65% of this area, which
poses questions about feasibility and competition with urban and infrastructure uses, which may be
alleviated if wind, solar and other NBS are placed elsewhere.

Figure 9 provides a snapshot for the shares of land in a particular use in 2050 for the selected major
regions and the globe. The figure shows the shares for traditional practices, land for energy, NBS,
and proactive land management, such as restoration and protection. Our projections for 2050
illustrate a substantial deployment of advanced land practices, especially for NBS in cropland in
Europe and India, NBS in pasture in USA, Europe, China, Brazil, and Africa, NBS in natural forests
in Brazil. At the same time, some regions still rely heavily on traditional land uses, such as pasture in
China and Africa, and natural grassland and natural forests in most of the regions.
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5 Discussion

Achieving the climate stabilization goal of 1.5°C by the end of the century will require strong societal
changes, including a reversal of current trends on land use changes and a reconfiguration of land
cover distribution and agricultural activities. There are many opportunities to mitigate emissions and
sequester carbon in soils through nature-based solutions, but also, many challenges to accommodate
such practices in synergistic ways with food provision and renewable energy requirements. We
assessed the potential competition and complementarity of land use demands among NBS practices,
agricultural production and renewable energy by combining a detailed bottom-up scenario of future
deployment of NBS and renewables to achieve the 1.5°C stabilization goal with a global integrated
assessment model projecting the economics of land use changes and overall GHG mitigation to
achieve the same climate goal.

We show that the global land system can accommodate the 3.5 Gha of NBS projected, which helps to
remove about 6 GtCO»/year. However, we identify several perceived trade-offs related to land use
competition. First, there are concerns that NBS activities may affect agricultural output and food
production. Our modelling shows that ambitious NBS deployment does not need to threaten the
provision of food, with results showing a 161% increase in nutrients per capita between 2020 to 2100
despite the deployment of NBS. This is in line with the consensus that effective adoption of
regenerative agricultural practices does not negatively impact yields, and typically increases nutrient
cycling efficiencies (Van Balen et al., 2023; Tonitto et al., 2006; Allam et al., 2023).
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The second potential concern is related to land required for energy production (primarily for wind,
solar, and biomass) and its competition with the land for food and preserving nature. The Sky 2050
scenario was deliberately designed to limit bioenergy demand to levels well below published
potential resource base estimates. We show that land for bioenergy and renewable energy takes only
about 3-5% of total land even under aggressive assumptions about solar and wind energy
deployment. Another concern is related to forest products, in particular to the trade-offs between
timber production and forest protection and reforestation. Our results show that between 2020 to
2100 forestry products per capita are increased by 213%, while we also represent NBS, forest
protection and restoration.

A trade-off with biodiversity has been gaining substantial attention recently (Environmental Defense
Fund, 2024), as well as impacts on water availability (Schlosser et al., 2014; MIT Global Change
Outlook, 2023). While in our current study we do not capture the impacts on biodiversity and water,
we fully support the need for further examination of the issue. A principle of the Sky 2050 scenario
is that the NBS is not just optimizing for CO, but taking a more holistic view of appropriate
ecosystem restoration, of which just one of the benefits is increasing the land stock of CO..
However, putting the regulations in place to deliver this is far from straightforward. In particular,
there is a need for systematic biodiversity indicators (Rouge and Schlosser, 2023) that would help to
understand and predict the fate of global biodiversity amidst an increasingly complex and changing
world. Among the objectives is the ability to construct a comprehensive metric that not only
quantifies the current state of biodiversity, but also captures future trends that are driven by a variety
of stressors across environmental, social, and economic systems. In this study we focus on nature-
based solutions rather than on engineering carbon capture solutions, such as bioenergy with carbon
capture and storage (BECCS) or direct air CO> capture and storage (DACCS). An additional trade-
off with engineered carbon dioxide removal (CDR) options would put additional pressure on land,
however, these options should be deployed as an addition to the efforts for emission mitigation.
While the cost of these engineered CDR options appears to be higher than most NBS, they could
compete with NBS for land in the future, depending on how their costs evolve, the rate of carbon
sequestration per ha they can achieve, demand for negative emissions and policies around using
offsets, particularly international offsets.

While we share concerns (e.g., Searchinger and Heimlich, 2015; Rulli et al., 2016; Fehrenbach et al.,
2023) about the urgent need for advancing sustainable approaches to land management for food and
nature, our results suggest that, at global level, in the second half of the 21 century land is available
to provide 3-6 GtCOaxlyear sink through 2.5-3.5 Gha of NBS practices of protecting, managing, and
restoring land, and, at same time, providing 325-650 EJ/year of renewable energy, using 0.4-0.6 Gha
of land, including 0.2-0.3 Gha for bioenergy and 0.2-0.35 Gha for wind and solar power generation.
Our regional exploration of land competition between different uses suggests that it is possible to fit
the land for major human needs, while protecting and restoring land. These ranges of NBS
deployment over time would not disturb food and primary goods production from agriculture more
than the multiple economic pressures which are associated with a 1.5°C stabilization target, such as
changes in energy and good prices and impacts on income and overall demand.

However, to achieve such an outcome, NBS practices in agriculture need to be massively adopted by
farmers, mostly by mid-century, and in such a way that will maintain observed trends in crop yield
improvements. In the case of the livestock sector, pasture yields and productivity gains must
accelerate, at the same time as NBS is adopted, in order to free up land for other uses, such as the
regrowth of forest areas. Such deployment of NBS requires engagement of local communities,
especially in places where the majority of land is owned by small landholders. Special attention
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needs to be paid to protection of indigenous communities, whose rights to the land they occupy are
often not formally recognized (Waring et al., 2023). In addition to engagement and communication,
adoption of NBS will likely also require incentives, which can have different implications for equity
depending on how those incentives are designed.

In the face of competition for relatively limited ‘cheap and easy’ land for various options, it will be
crucial to have the right policies and incentives in place to ensure that the land is used in ways that is
best for both human and environmental goals. It will be crucial to ensure that policies that encourage
certain land uses (such as for carbon sequestration or energy) do not negatively impact land uses
needed to meet other societal goals, such as food security to biodiversity. It is also important to
understand that future competition between the different land uses critically depends on a number of
factors, including economic and population growth, land productivity and how it may be impacted by
changing climate, land and technology costs, and policy design and stringency.

For NBS to contribute to achieving climate targets, policies are needed to appropriately price land
use emissions/sequestration and/or require certain practices. This can be achieved by covering the
land sector under an emissions policy, by creating separate offset markets for sequestered carbon, or
other regulatory policies such as NBS requirements or targets for carbon removal. Regardless of the
policy approach for NBS, careful monitoring, accounting and crediting of emissions is needed, which
requires agreement on important questions related to permanence, additionality and leakage. We can
learn from existing voluntary offset markets as well as policies being implemented in various
countries.
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Appendix

Table Al. Mapping of land use categories for Figure 2.
Sky 2050/EPPA Kicklighter et al. (2019) IPCC(2019)
Cropland Cropland Cropland
Intensive pasture, extensive
Pasture Pasture
pasture
Natural grassland Grassland Unforested ecosygiemgitn

Managed forest
Natural forest

Other

Shrubland, wetlands, lakes, bare

minimal human use
Forest (intact or primary)
Used savannah and shrubland
Other land, infrastructure,
urban

Secondary forest
Primary forest

Table A2. Mapping of categories for Figure 6.

Grassland: protect grassland
Grassland: optimal grazing
Grassland: legumes in pastures
Forest: reforestation

Forest: protect forest

Forest: natural forest management
Forest: fire management
Forest: agroforestry*
Agriculture: agroforestry*
Agriculture: biochar
Agriculture: better cropping
Blue: salt marsh restoration
Blue: protect seagrass

Blue: protect salt marsh

Blue: protect mangrove

Blue: mangrove restoration
Wetland: protect petland
Wetland: peatland restoration

“Agroforestry is divided between the Forest and Agriculture categories
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