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Abstract

Bioenergy is expected to play an important role in the achievement of stringent climate-
change mitigation targets requiring the application of negative emissions technology.
Using a multi-model framework, we assess the effects of high bioenergy demand on
global food production, food security, and competition for agricultural land. Various
scenarios simulate global bioenergy demands of 100, 200, 300, and 400 exajoules (EJ) by
2100, with and without a carbon price. Six global energy-economy-agriculture models
contribute to this study, with different methodologies and technologies used for bioenergy
supply and greenhouse-gas mitigation options for agriculture. We find that the large-scale
use of bioenergy, if not implemented properly, would raise food prices and increase the
number of people at risk of hunger in many areas of the world. For example, an increase
in global bioenergy demand from 200 to 300 EJ causes a — 11% to + 40% change in food
crop prices and decreases food consumption from — 45 to — 2 kcal person! day !, leading
to an additional 0 to 25 million people at risk of hunger compared with the case of no
bioenergy demand (90th percentile range across models). This risk does not rule out the
intensive use of bioenergy but shows the importance of its careful implementation,
potentially including regulations that protect cropland for food production or for the
use of bioenergy feedstock on land that is not competitive with food production.
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1 Introduction

Land-based mitigation options play an important role in the assessment of stringent climate
mitigation policies (Popp et al. 2014b, 2017). Bioenergy should be in high demand because
carbon is absorbed directly from the atmosphere (negative emission) when combined with
carbon capture and storage. However, potential competition for land between food and
bioenergy crop production is of concern. The large-scale use of bioenergy, to support stringent
temperature ceilings of 2 or 1.5 °C by the end of this century, would change land dynamics,
put pressure on land resources (Popp et al. 2014b), compete with food production, and increase
the risk of hunger in middle- and low-income regions (Frank et al. 2017; Hasegawa et al.
2015a, 2018). The use of bioenergy to replace fossil fuels is addressed in other studies (e.g.,
Hasegawa et al. 2018; Bauer et al. 2018) but not in the context of food security. This study
provides an in-depth analysis of the relationship between bioenergy and use of land for
meeting food demand.

Researchers have assessed the amounts of bioenergy and afforestation required under
various climate policy scenarios and potential effects on food markets. For example, bioenergy
amounts of 100-200 exajoules (EJ) in 2050 and 200-300 EJ in 2100 have been estimated for
strong climate stabilization; these amounts correspond to approximately 200-500 and 200—
1500 Mha cropland for bioenergy in 2050 and 2100, respectively (approximately 10-30 and
10-100% of the current cropland area, respectively) (FAO 2016; Popp et al. 2017; Rose et al.
2014). In these studies, the amount of forested land is estimated to increase to 150 Mha by
2050 through afforestation and the avoidance of deforestation. A major portion of this land
conversion happens on other natural land types, but the increases in forest and bio-crop land
areas put pressure on land resources, leading to increases in crop yield and decreases in
cropland and pasture areas. Popp et al. (2017) reported a 110% average food price increase
from 2005 to 2100 due to competition for land between food and land-based mitigation
options. In this prior analysis, the bioenergy demand differs among such models due to
differences in mitigation options and best representations of climate-change mitigation
strategies.

The impacts of climate mitigation on food security depend on the quantity and feedstock
types of bioenergy applied to achieve emission reduction. Some studies have shown that large-
scale bioenergy implementation would be the most efficient mitigation option among techno-
logical possibilities to achieve stringent mitigation (e.g., Havlik et al. 2015, whereas other
models have shown that large-scale bioenergy production can be a major contributor to food
insecurity (e.g., Hasegawa et al. 2015a, 2018). The response to climate mitigation in each
model depends on the set of mitigation options, their costs, the bioenergy feedstock, and the
selection mechanism. Existing single-model studies have been conducted with distinct climate-
policy stringency and socioeconomic assumptions, rendering the derivation of robust conclu-
sions across studies difficult. Thus, a multi-model inter-comparison that harmonizes bioenergy
demand, carbon prices, and socioeconomic factors would enable direct comparison of model
responses to a given bioenergy demand.

Lotze-Campen et al. (2014) performed a multi-model inter-comparison that assessed
bioenergy effects on agricultural markets by harmonizing the biomass demand for energy
use (100 EJ in 2050). The authors conclude that this level of biomass demand has negligible
effects on the agricultural market compared with climate change impacts. However, more
stringent climate mitigation in line with the Paris Agreement (UNFCCC 2015) requires two or
three times as much bioenergy (200-300 EJ year ') and would raise concerns about higher
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food prices and food insecurity. Although a high demand for bioenergy increases food security
concerns, no study has involved the harmonization of bioenergy demand and carbon prices
across models while directly addressing the effects of bioenergy demand on food security and
the risk of hunger.

This study is the first multi-model comparison to directly address the relationship between
large bioenergy demands and food security. The output from the model ensemble helps to
identify areas of consensus and uncertainty that would not be found with any single model.
Our study extends the existing literature in several ways. First, we use a set of scenarios with
different levels of bioenergy demand, which allows us to examine the bioenergy effect on food
security systematically. The demonstration of a relationship between bioenergy supply and
food consumption will be useful for the estimation of additional agricultural productivity
requirements. Second, we estimate the number of people at risk of hunger as an indicator that
is relevant to sustainable development goal (SDG2), which is to end hunger and improve
nutrition and agricultural practices. Whereas Hasegawa et al. (2018) analyzed the impacts of
climate mitigation on the risk of hunger, this study focuses on the impact of a specific
mitigation measure: bioenergy. Third, this study addresses multiple dimensions of food
security by using several related indicators that provide a dynamic perspective on the concept.

2 Methods

Food security is a complex multi-dimensional issue involving food availability, access, utility,
and stability (FAO 2016). To provide a dynamic perspective on this concept, we use as many
indicators as possible, including the undernourished population; per-capita dietary energy
consumption; food price; food self-sufficiency (production/consumption) ratio; cropland areas
for food production, feed production, and pasture; and crop and livestock production and their
regional allocations by country and region. Food production, agricultural land used for food
production, and per-capita dietary energy consumption represent food availability; the food
self-sufficiency ratio represents food stability; and the remaining indicators represent food
access (FAO 2016). All of these indicators except the undernourished population are direct
outputs of the models; the undernourished population is calculated as a post-process.

To project the undernourished population, we adopt the methodology of the United Nations
Food and Agriculture Organization (FAO): a probability distribution framework documented
in Cafiero (2014) and used by Fujimori et al. (2019) and Hasegawa et al. 2015a, b, 2018. The
definition of undernourishment or hunger is a state of energy (calorie) deprivation lasting for
more than 1 year; this concept does not include the short-lived effects of temporary crises or
inadequate intake of other essential nutrients (FAO 2016). The undernourished population is a
multiple of the prevalence of the undernourished (PoU) and the total population.

The PoU is calculated using the mean dietary energy consumption (kcal person™! day™!),
mean minimum dietary energy requirement (MDER), and coefficient of variation (CV) of the
domestic distribution of dietary energy consumption in a country. Food distribution in a
country is assumed to follow a log-normal distribution determined by the mean dietary energy
consumption (mean) and equity of food distribution (variance). The proportion of the popu-
lation unable to meet the MDER is then defined as the PoU. The calorie-based food
consumption (kcal person™ day™!) output from the models was used as the mean dietary
energy consumption.
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The future mean MDER is calculated for each year and country using the mean MDER in
the base year at the country level (FAO 2013), coefficients of adjustment for the MDER in
different age and gender groups (FAO/WHO 1973), and future population demographics
(ITASA 2012) to reflect differences in the MDER across age and gender. The future equity
of food distribution is estimated by applying the observed trend of income growth and
improved CV of the food distribution in the base year to the future, so that equity is improved
along with income growth at historical rates up to the present best value (0.2) (see Fig. S1 for
the future equity of food distribution and (Hasegawa et al. 2015b) for more information about
the methodology used to estimate future undernourishment).

The global integrated assessment models (IAMs) and agricultural economic models used in
this study are included in Energy Modeling Forum (EMF)33 (Bauer et al. 2018). The goal of
EMF33 is to understand and improve the modeling of bioenergy supply and demand in the
TAMs (Rose et al. 2014, this issue). We selected six state-of-the-art models that allow us to
compute agriculture and land-use market and food-security interactions, considering high
bioenergy demand: AIM (Fujimori et al. 2012, 2017; Hasegawa et al. 2017), FARM (Sands
et al. 2017), GCAM (Wise et al. 2014), GLOBIOM (Frank et al. 2017; Fricko et al. 2017;
Havlik et al. 2014), MAgPIE (Bodirsky et al. 2014; Popp et al. 2014a), and NLU (Brunelle
et al. 2015; Souty et al. 2012); Brunelle et al. 2015). AIM, FARM, GCAM, GLOBIOM, and
MAGgPIE feature land-use competition among food production, bioenergy crop production,
and afforestation, whereas NLU employs a food-first policy whereby bioenergy does not
compete with food production. AIM, FARM, GCAM, and GLOBIOM endogenously deter-
mine food consumption in response to food price or income (in AIM and FARM), whereas
MAGgEPIE and NLU determine food consumption exogenously. We excluded MAgPIE and
NLU from results for food consumption and the population at risk of hunger. In each model,
the mechanism for land protection is turned off intentionally to remove a factor varying across
models and affecting future regional bioenergy potential; no constraint for the protection of
land from bioenergy expansion is applied. Notably, the regional classification used in this
study is highly aggregated due to the availability of data, which can be improved in future
studies.

All of the models have agricultural markets in common, with different representations and
parameterizations of biophysical and economic processes. Here, we focus on the endogenous
response to the given changes in the underlying socioeconomic conditions and bioenergy
impacts. For the demand side, population and income growth increase food demand, shift the
demand curve to the right, and raise prices. Responding to the higher price, producers increase
their production by expanding cropland and pasture areas and increasing land productivity,
while consumers decrease their consumption or shift to less-expensive goods. Some con-
sumers might consume insufficient food and face a risk of hunger. Trade globalization helps to
reallocate supply and demand and dampens the impact of producer-side price shocks on
consumer prices (Elobeid and Hart 2007; Fackler and Tastan 2008; Nelson et al. 2014;
OECD 2006; Shapouri and Rosen 2007; Tyner and Taheripour 2008) and contributes to a
lower risk of hunger. Similarly, large-scale bioenergy production increases the demand for
land and raises the price of land and then food, resulting in the same responses to the high price
(see Fig. S2 for a flow of price transmission from bioenergy implementation to the risk of
hunger and Table S1 for a representation of price transmission in the models).

To obtain a comprehensive view of the relationship between bioenergy and food security,
we use a set of scenarios from the EMF33 exercise (Rose et al., this issue) that covers two
dimensions: (1) different levels of global modern biomass primary energy demand and (2)
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different levels of climate policy, represented by carbon prices. The use of different levels of
bioenergy demand allows us to explore the pure effects of bioenergy expansion on food and
land-use dynamics. The use of different levels of climate policy allows us to explore the effects
of climate-change mitigation efforts on food and land dynamics. Exogenous demand for
second-generation bioenergy increases linearly from the base year (2010) to 100, 200, 300,
or 400 EJ year™! by 2100, with and without the inclusion of climate policy (scenarios BOC—
B400C and B0-B400, respectively). Most of the models represent climate policy by
implementing a global uniform carbon price on greenhouse gas (e.g., CO,, CHy, and N,O)
emissions on agriculture and land-use changes (in all models) and on energy sectors (in AIM,
FARM, and GCAM). The carbon price in the scenarios begins at US$20 per ton CO,-eq in
2020, with a 3% annual increase until 2100, roughly following a carbon path compatible with
a 2 °C climate mitigation target, to enable systematic analysis related to that conducted in a
previous study (Kriegler et al. 2015). This exogenous carbon price induces changes in
production systems, technological mitigation options, and food demand via consumer re-
sponses (the models include changes in preferences due to the price change), and hence
decreases emissions. In comparison, scenarios without a carbon price include no responsibility
or additional cost for land conversion, forest development, or fertilizer use for biocrop
production; these practices normally trigger penalties under the implementation of climate
policies. In scenarios with no carbon price, the production cost is low due to the lack of
additional costs for land expansion and fertilization compared with that in scenarios with a
carbon price. Socioeconomic conditions, including the population, population demographics,
and GDP, are varied in each model according to qualitative “middle-of-the-road” (shared
socioeconomic pathway (SSP) 2) narratives (Fricko et al. 2017) through 2100. See Rose et al.
(this issue) and supplementary table S2 for detailed information on the representation of
bioenergy and climate policy in each model.

3 Results
3.1 Bioenergy and food security

In the baseline scenario, which represents business as usual with no carbon price, the global
mean food consumption increases gradually from 2800 to 3000 kcal cap™! day ! by 2050 and
to 3200 kcal cap™! day~! (+400 kcal person! day™! in Asia, + 500 kcal person~! day~! in the
Middle East and Africa (MAF)) by 2100 due to economic growth (Fig. 1). The global
undernourished population declines from 830 million people in 2000 to 330 million by
2050 and 150 million (—500 million in Asia, — 100 million in MAF) by 2100. The number
of undernourished people has an exponential form reflecting the observed trends in which
economic development has largely improved the equity of food distribution, particularly in
low-income regions (Supporting information Fig. S1). We also assume a higher rate of
economic development in the next few decades relative to that in the last two decades, as
the SSPs were developed by focusing on long-term differentiation across SSPs (Dellink et al.
2017). The models agree that food consumption levels remain highest in the Organization for
Economic Co-operation and Development (OECD) countries, whereas food consumption
starts at the lowest level and catches up with the other regions by the end of this century in
the MAF. Model-specific characteristics, however, affect the representation of food consump-
tion. For instance, FARM explores the relatively large population at risk of hunger in the early
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part of the century through the relatively low food consumption assumptions. The food
consumption curves in GCAM and NLU bend in 2050 as a consequence of these assumptions.
We do not identify differences caused by general model characteristics, such as between partial
and general equilibrium models, as the parameter assumptions appear to influence food
consumption trends most strongly.

Food prices in the latter half of this century differ markedly across the models (Fig. 1). For
example, AIM shows increases exceeding 250% from the base year (e.g., in Asia), whereas the
other models show tendencies of decline from 70 to 90% of the base-year level for all regions
where future agricultural technology development compensates for population growth and
increased food demand. Note that AIM, unlike other models, is driven by relative wage
increases in developing countries. The undernourished population throughout this century is
in good agreement across models in which Asia and the MAF dominate global undernourish-
ment. This model agreement occurs because the future levels of undernourishment depend
strongly on the future population, economic development, and equity of food distribution
(Hasegawa et al. 2015b), which are harmonized across models, as in the ex-post-method of
estimating hunger.

An interesting aspect of bioenergy demand is the pattern of model responses to a bioenergy
demand shock. Figure 2 shows the responses of global food-security indicators to different
global bioenergy-demand shocks by 2050 under no climate policy (e.g., carbon price is zero)
and an intensive bioenergy policy (e.g., driven by biomass subsidies) (see Fig. S3 for the
regional responses of food security indicators). Overall, the models agree that high bioenergy
demand decreases global food crop production and food and feed available for consumption,
and increases undernourishment, although the order of magnitude differs substantially across
models (Fig. 2b, h). Higher bioenergy demand increases the price of bioenergy (Fig. 2a),
expands cropland area for bioenergy crop production (Fig. 2i), places pressure on the food
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Fig. 1 Food price and consumption and the population at risk of hunger in the baseline scenario with no climate
policy (B0) globally and in five regions: Asia, Latin America (LAM), the Middle East and Africa (MAF),
Organization for Economic Co-operation and Development regions (OECD90), and reforming economies (REF;
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Fig. 2 Global food security indicator responses to various levels of global modern bioenergy demand. Values
represent percentage changes from the level of no bioenergy demand (B0). This figure includes all models and
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supply by decreasing the amount of cropland for food production and pasture (Fig. 2¢), and
then increases food prices (Fig. 2f). In response to the price increase, crop yields generally
increase, with the exception that MAgPIE shows movement from currently productive areas to
unproductive areas of cropland (Fig. 2d; see Fig. 3 for land conversion under different levels of
bioenergy implementation across models). As cropland intensification is insufficient to meet
the food demand, food production decreases (Fig. 2b). Consequently, food consumption
decreases (Fig. 2g), leading to more undernourishment (Fig. 2h). For instance, the global

AIM FARM GCAM
500 1
(=
)
£=
= 2501 Land-use
-E -500 Cmpland
= for energy
e GLOBIOM MAgPIE Croplat
£ : for non-energy
€ 5001 Pasture
£z
©Q 2504
= =
-250
-500

100 200 300 400 100 200 300 400 100 200 300 400
Bioenergy demand [EJ/year]

Fig. 3 Land-use changes under different levels of bioenergy implementation in 2050 in different models. The
regional codes are the same as in Fig. 1
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bioenergy demand of 200-300 EJ year! is expected to expand the area of cropland for
biocrops by 540 Mha and shrink the area of cropland for food production and pasture by
53 Mha, increasing the global crop production by 2.8%, food prices by 3.5%, and the number
of undernourished people by 11 million, in the median across scenarios with no bioenergy
demand. The direction of change is the same in most models, with some exceptions (Figs. 2
and 3). In MAgPIE, bioenergy implementation leads to the replacement of cropland areas
suitable for high-yield crop production with those used for biomass crops (thus, cropland
becomes unavailable for food crops); crop yields then become low, spurring cropland expan-
sion to meet food demand. AIM locates bioenergy production in currently unused areas, and
thus shows less impact on food production and the area it occupies (the assumptions and
modeling strategy are described in Fujimori et al. 2014).

The food price response to bioenergy implementation can be compared with the findings of
Lotze-Campen et al. (2014), who reported change ratios of 2-8% in 2050 compared with the
baseline scenario and a bioenergy implementation level of 100 EJ. Our results appear to be in
line with those results (Fig. 2). Notably, we used multi-scale bioenergy implementation levels,
which enabled us to investigate the responses of food price and consumption systematically,
which is a novel aspect of this study.

The degree of the response to a bioenergy demand shock varies significantly across models
and indicators. For example, an increase in global bioenergy demand from 200 to 300 EJ
causes — 11 to +40% changes in food crop price and a decrease in food consumption from —
45 to —2 kcal person™! day™!, leading to an additional 0 to 25 million people at risk of hunger
in the no bioenergy demand case (90th percentile range across models). The results derived
from models depend on their assumptions, such as those regarding land capacity and potential
land productivity, as well as model structure. For example, in models that assume high-yield
development in response to high prices (e.g., AIM, FARM), the reduction in food production
can be overcome by increasing yield, and changes in price and food consumption can be
minimized. On the other hand, if yield improvement is assumed to be relatively low (e.g.,
GLOBIOM, NLU), the bioenergy shock on food supply or price is relatively large. The
proportions of meat and crops in the total caloric intake do not vary with differences in
bioenergy demand (Fig. 4). As the increased demand due to bioenergy does not affect
consumption patterns, these patterns do not mitigate the pressures that bioenergy production
places on land use and food availability.

3.2 Responses to bioenergy demand shock in terms of food security

Figure 5 shows the global and regional responses of food security indicators to a 200-EJ global
bioenergy demand shock under no climate policy in 2050. Generally, the response on the
production side (e.g., crop yields and cropland area) is more heterogeneous than that on the
consumption side (e.g., food consumption and undernourishment). The bioenergy demand
shock is absorbed primarily by the agricultural production side, reflected largely in yield
changes and partly in area changes (Fig. 2). This situation may occur for several reasons. First,
a bioenergy demand shock is directed at the production side, through competition for land and
other resources, which markedly limits food production capacity. Second, per-capita food
consumption has a biological limit and is relatively inelastic to changes in price relative to
supply-side factors. In other words, the price elasticity of food demand is relatively low
(Nelson et al. 2014) (see Fig. S4 for the consumption response to price changes). Changes
in the risk of hunger are large in Asia and the MAF, and reforming economies (Eastern Europe
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Fig. 4 Proportions of meat and crops in the per-capita food (calorie) consumption worldwide and in various
regions under scenarios with different levels of bioenergy demand in this century. BO is the scenario with no
climate policy and no bioenergy demand. B100, B200, and B400 are the scenarios in which global bioenergy
demand achieves 100, 200, and 400 EJ year~!, respectively, by 2100

and part of former Soviet Union) also show a relatively strong response but with small absolute
numbers. Non-energy cropland area decreased in all models (excluding MAgPIE, which is not
relevant to the food consumption assessment). Thus, most of the bioenergy effects arise
directly from regional bioenergy expansion.

In the supply response, the levels and direction of changes in crop yields and cropland area
are heterogeneous across models. These differences are generated by model representations of
potential yield and its improvement costs (e.g., substitution of other inputs for land), land
transition costs (e.g., elasticity of substitution across land types), and land capacity (e.g., area
of land suitable for crops). Therefore, the tradeoff between land intensification and land
expansion varies across models.

Global indicators of food security are important, but regional estimates are more useful to
policymakers. Many models agree that bioenergy demand shocks increase food prices, leading
to changes in yield, decreasing food consumption, and affecting undernourishment in many
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Fig. 5 Global and regional responses of food security indicators to a 133-EJ global modem bioenergy demand,
which is represented by the year 2050 in scenario B300, in which the global bioenergy demand achieves 300 EJ
by 2100. a Regional share of bioenergy supply. b The values are percentage changes from no bioenergy demand
(B0). MAPIE and NLU were excluded from per-capita food calorie consumption, undernourishment, and food
self-sufficiency assessment due to demand-side inelasticity, and NLU was excluded from the price assessment.
Few models are available for the examination of food self-sufficiency because weight-based livestock data are
not available
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areas of the world (Figs. 5b and 6). However, regional heterogeneity across models is much
larger than is apparent when comparing global averages. The regional allocation of bioenergy
production is quite heterogeneous across models due to the varying representation of
bioenergy production (Fig. 5a; see Rose et al., this issue). In large bioenergy-producing
regions, a large increase in food price, large decrease in food consumption, and increase in
hunger do not necessarily occur. These responses vary depending on the regional land
availability and potential intensification, price, and income elasticity of food demand, and
regional differences in the baseline levels of food consumption and distribution, which
determine the population experiencing long-term hunger. For example, food production in
Latin America increases through improved crop yields and cropland expansion, responding to
a price increase and reallocation of the food supply to more efficient countries through
international trade. By contrast, for Asia, which is also expected to be a large potential
bioenergy production region, most models (except MAgPIE) show decreases in the area of
cropland used for food production due to the limited area of suitable cropland, leading to a
large decrease in food production and lower food self-sufficiency. In Aftica, the crop produc-
tion results vary across models due to the varying potential crop yield and available cropland
area under climate mitigation. Climate mitigation leads to increased crop yields, but decreased
area of land for food production, in most models, with the exception of NLU and MAgPIE.

3.3 Effect of climate change mitigation on food security

To isolate the effect of climate policy under different levels of bioenergy supply, we examine
the differences between scenarios with and without carbon prices under three levels of
bioenergy demand (Fig. 7). The models show two important results. First, the models all
show a stronger climate policy (higher carbon price) more negatively affects food consumption
and undernourishment, regardless of the amount of bioenergy. Second, the magnitude of the
climate mitigation effects varies across models due to the representation of climate mitigation
and mitigation technological possibilities. GLOBIOM is most affected by the mitigation policy
(= 6% food consumption for 200$/tCO,), and AIM and FARM are affected the least. Previous
research yielded a similar result (Hasegawa et al. 2015a, 2018), showing that the impact of
climate policy on food security is explained by bioenergy through land competition, and in
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Fig. 6 Regional land-use changes caused by a 133-EJ global modern bioenergy demand (B300 in 2050)
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for the bioenergy demand (100, 200, and 300 EJ; B100C-B100, B200C-B200, and B300C-B300, respectively).
NLU and MAgPIE are excluded because they assume inelastic food demand. The scales differ across panels.
This figure includes the years in which the bioenergy demand is equivalent to the above values

part by mitigation tied directly to a carbon price. The relative sizes of these two effects vary
across models depending on the range of mitigation options available.

4 Discussion and conclusion

Climate change and mitigation measures have three major effects on food consumption and the
risk of hunger: (1) changes in crop yield caused by climate change; (2) competition for land
between food and energy crop production driven by the use of bioenergy; and (3) the
implementation of other agriculture-related mitigation measures to meet an emissions reduc-
tion target that limits the global average temperature increase to 1.5 or 2 °C (Hasegawa et al.
2015a). Ideal climate policy would achieve a balance among these effects. This study does not
address the impact of climate on crop yields, but reduced climate impacts on agriculture
provide motivation for reductions in carbon dioxide emissions.

Through careful scenario design, this study isolates the effect of competition for land
between food and energy crop production. Our analysis suggests that large-scale bioenergy
use would put pressure on agricultural land, raising food prices and increasing the population
at risk of hunger across world regions. We use a probability distribution framework to estimate
the population at risk of hunger in each world region. Options to reduce the impact on food-
insecure populations include additional research to improve agricultural productivity and
economic compensation for those at greatest risk.

Several factors affect the level of food insecurity under high bioenergy demand. First,
potential yields of food and bioenergy crops determine the land demand for future food and
bioenergy production, and the level of land-use conflict and food insecurity. High land
productivity, such as that achieved with technological development to improve the efficiency
of irrigation and fertilizer implementation, and improved human capital would reduce the food
insecurity caused by bioenergy implementation. As we do not harmonize crop yields across
the models in our analysis, further diagnostic studies that decompose supply-side technologies
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would improve our understanding of how agricultural technology development would reduce
food insecurity. Second, the type of feedstock could change the level of food insecurity.
Reliance on bioenergy only from energy crops increases land competition and the impact on
food production and then consumption, whereas bioenergy supplied from crop residue and
managed forest reduces the land available for bioenergy production and affects food security.
The influence on food security can be relaxed by combining energy derived from residue and
managed forest, although the potential of forest and residues is limited.

Although we saw some model agreement, the results differed among models. We attempted
to classify the variation among model types, such as that between partial and general
equilibrium models, but observed no systematic difference. Instead, we observed that food
price elasticity is a key parameter affecting food consumption and that the risk of hunger
responds to shocks, including bioenergy implementation. Income elasticity for food consump-
tion is another major driver of baseline food consumption that should be explored (Fig. 1), but
it is not the main contributor to the risk of hunger associated with bioenergy demand shocks.

Despite recent advances in global crop model development, the large regional hetero-
geneity in the response to bioenergy demand, particularly on the production side (e.g.,
crop yields and cropland area), suggests that the situation for the agricultural supply side
remains uncertain. First, information on agricultural production technologies remains
limited; for example, the costs of technology development and agricultural production,
management, and land conversion, possible technologies, and their regional availability
vary across models with different assumptions. The development of a global agricultural
production database would help to narrow the range of model uncertainty. Second, the
distribution of energy crop productivity remains uncertain. More knowledge of the
projected bioenergy potential would enable us to assess the bioenergy potential and its
consequences on food security at the regional level more accurately (see Rose et al., this
issue, for more discussion of bioenergy supply comparison).

Several points should be considered when interpreting our results. First, a uniform
carbon price across regions was used in the multi-model ensemble to simulate mitigation
in agriculture, which implies a burden of mitigation on medium- and low-income
regions. The contributions of these regions to such mitigation schemes should be treated
carefully because these regions are most vulnerable to climate change. We used this
common approach across models, but further research is needed to address how the
different contributions of these regions would affect the regional food situations. Second,
the same carbon price is set across sectors (agriculture and energy), as required for
economic efficiency. The taxing of emissions in the agricultural sector is not always
good for food security, as this study shows. However, exclusion of the agricultural
contribution of non-CO, emission reduction would require much larger such reduction
in other sectors, and may be very costly or even insufficient to reach climate change
goals (Gernaat et al. 2015; Reisinger et al. 2013; Wollenberg et al. 2016). Further study
of non-CO, emission reduction policies is required to address this issue. Third, most of
the models respond to the given bioenergy demand based on economic efficiency, but do
not necessarily minimize food security. Regional allocation of bioenergy production and
the allocation of land between food and bioenergy production are selected to maximize
farmers’ profit or minimize production costs. Fourth, this study does not consider
heterogeneity among domestic income groups in responses to changes in food consump-
tion due to increased consumer food prices, although such heterogeneity may exist in the
real world. Finally, most of the models used in this study consider competition for land
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between food and bioenergy production, but do not explicitly harmonize other aspects of
the environment, such as biodiversity protection, which would constrain the future
bioenergy potential. When exploring the path toward sustainable development, consid-
eration of these interactions is important.
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