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Global investment gap in
agricultural research and
innovation to meet Sustainable
Development Goals for hunger
and Paris Agreement climate
change mitigation

Mark W. Rosegrant*, Timothy B. Sulser and Keith Wiebe

International Food Policy Research Institute (IFPRI), Washington, DC, United States

This paper provides estimates of the global investment gap in agricultural

research and development (R&D) and innovation. The investment gap is

defined as the additional annual investments required to end hunger in 2030

(Sustainable DevelopmentGoal SDG2) and to put agriculture on the pathway to

the Paris Agreement target for 1.5◦C increase over pre-industrial temperature

levels. The investment gap is projected relative to a reference scenario with

projections to 2030 using an integrated economic-biophysical model of the

global agri-food system. In addition to showing the impacts on hunger, the

modeling results are used to simulate the e�ect of the gap-closing investments

on greenhouse gas (GHG) emissions from agriculture. In addition to projecting

the impacts of overall investment in agricultural R&D on productivity and

environmental outcomes, the analysis assesses the contributions of di�erent

types of innovative technologies and farming systems to the environmental

outcomes, especially technologies that contribute to sustainability outcomes.

Sustainability-oriented technologies and management practices examined

include conservation tillage, nitrogen-use e�ciency, improved livestock

management, and other climate-smart technologies. The projected results

show that additional agricultural R&D investments of USD 4 billion per year

above baseline investments together with USD 6.5 billion per year invested in

technical climate-smart options, can reduce hunger to 5% globally and achieve

2030 GHG emission reductions consistent with the Paris Agreement 2◦C and

1.5◦C pathways to 2030.
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Introduction

If the world is to achieve the Sustainable Development Goal

2 (SDG2) (United Nations 2022), to end hunger and succeed

in stabilizing global warming at below 2◦C, and adapt to the

climate change that this warming will bring, agricultural systems

must transform significantly by 2030. This will not be easy. A

rising global population, rapid income growth, and urbanization

are having profound effects on the demand and patterns of

agricultural production (Godfray et al., 2010; Hawkes et al., 2017;

Rosegrant et al., 2017). While hunger persists for too many

people, diets continue to shift toward convenience foods and

fast foods (Ruel et al., 2017; Fan et al., 2019). Developments in

consumption patterns are positive in some respects but negative

in many others. There is increased consumption of fruits and

vegetables; growing demand for sugar, fats, and oils; and rapid

growth in meat consumption and therefore higher demand

for feed grains or other livestock feeds (Godfray et al., 2010;

Kearney, 2010; Thornton, 2010; Rosegrant et al., 2017). As these

demands put pressure on food systems and sustainable food

production growth also faces challenges from climate change,

with higher temperatures, changing precipitation patterns, as

well as a likely increase in weather variability (Smith et al., 2018;

Mbow et al., 2019).

Concurrently, agriculture itself is a major contributor to

greenhouse gas (GHG) emissions, so sustainable intensification

needs to contribute to climate change solutions by reducing

GHG emissions and sequestering carbon (Smith et al., 2018;

Mbow et al., 2019). Agriculture needs to use less land if the

world is to reverse deforestation and halt the global collapse

in biodiversity.

A transformation this large and rapid will require

investment in innovations for sustainable agriculture

intensification. These are innovations that seek to produce

the food needed to meet changing human needs while

simultaneously ensuring the long-term productive potential of

natural resources, such as water and land resources, and the

associated ecosystems and their functions. This research pulls

together multiple modeling techniques to estimate the size of

that investment.

Specifically, this paper uses integrated economic and

biophysical modeling and assessment of climate-smart and

resource-saving technical options to identify the innovation

investment gap that needs to be filled to ensure that sustainable

agriculture intensification supports the achievement of specific

global goals:

• Ensuring that less than 5% of the world’s population is at

risk of hunger by 2030 (SDG2, using the FAO threshold for

zero hunger) (FAO et al., 2015).

• Reducing and sequestering emissions in agriculture

and stopping emissions from land-use change

for food production, on a trajectory consistent

with stabilizing temperature increase below 2◦C

(Paris Agreement).

Background

For this study, innovation for sustainable agriculture

intensification is defined as the creation, development,

and implementation of new technologies, techniques, and

management practices for sustainable productivity growth,

climate mitigation, and water resource improvement that drive

progress toward achieving the above goals and trajectories. The

specific innovation investments that are analyzed follow:

• Public and private investments in agricultural research and

development (R&D) for the Global South, which consists

of sub-Saharan Africa, Latin America and the Caribbean,

Pacific Islands, and the low- and middle-income countries

in Asia, the Middle East, and North Africa.

• Investments to support the adoption of technical mitigation

options for climate change mitigation in agriculture

through carbon payments or other forms of targeted

subsidies or payments of environmental services.

The analysis of agricultural R&D investments covers the

key actors for the Global South, the international public

research institutions of the CGIAR (a global partnership of

international agricultural research centers, formerly known as

the Consultative Group for International Agricultural Research),

national agricultural research systems (NARS), and the private

sector. The CGIAR operates through research partnerships at 15

different international agricultural research centers. CGIAR has

more than 9,000 staff working in 89 countries around the world

(CGIAR, 2022). NARS are national public research institutes

based in the Global South, which primarily conduct locally

relevant research for the benefit of their own nations. Private

sector investments included here are those directly allocated

to the Global South, including expenditures by international

companies and national companies in the Global South. Analysis

of the investment requirements and investment gap up to

2030 uses model-based investment scenarios combined with

analysis of specific climate-smart and resource-saving technical

options as well as management practices that can reduce GHG

emissions and increase GHG sequestration. The SDG2 (zero

hunger) and the Paris Agreement (UNFCCC, 2020) on climate

change provide the specific sustainability context in which

the investment gaps are evaluated. The targets and indicators

of progress used to assess the effectiveness of investments in

addressing the gaps follow.

SDG2. End hunger by 2030 (part of SDG target 2.1). The

target of ending hunger is defined as the reduction of hunger to

a 5% share of the population by 2030. This target is based on the

FAO et al. (2015) Achieving Zero Hunger report, which adopted
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“a prudential threshold of five percent of the population” as

indicating ending hunger. The methodology is based on the

reduction in hunger due to increased calorie availability for

consumption. This target, together with the mitigation in line

with the Paris Agreement climate trajectories described below,

are the measures that determine the agricultural innovation

investment gap. For the other targets, wemeasure progress based

on the indicators described below, where the investment target

defined by meeting the investment gap is achieved. Progress

is measured relative to the outcomes under the reference

scenario (REF_HGEM).

Paris Agreement. The Paris Agreement provides broad

targets for mitigation. It calls for “a long-term goal of keeping

the increase in global average temperature to well below 2◦C

above pre-industrial levels; and to aim to limit the increase

to 1.5◦C, since this would significantly reduce risks and

the impacts of climate change.” Wollenberg et al. (2016),

drawing upon the results of leading integrated assessment

models, estimated a global requirement of reducing non-

carbon dioxide (CO2) GHG emissions from agriculture by

1,000 million tons of CO2 equivalents (MtCO2eq)/year by 2030

to limit warming in 2100 to 2◦C above pre-industrial levels.

This target was estimated based on the findings of leading

integrated assessment models: Reisinger et al. (2013) estimated

a requirement for non-CO2 mitigation of 930 MtCO2eq/year in

2030; van Vuuren et al. (2011) estimated 1,370 MtCO2eq/year;

and Wise et al. (2014) estimated 920 MtCO2eq/year (all cited

in Wollenberg et al., 2016). We adopt this target as the

mitigation requirement for investment in sustainable agriculture

intensification. Target estimates for non-CO2 mitigation in 2050

are not available and targets for a 1.5◦C pathway are also

unavailable. Targets have been estimated for CO2 emissions

that are consistent with the 1.5◦C pathway, but not for a

2◦C pathway. Rogelj et al. (2018) estimated targets for these

CO2 emissions consistent with the 1.5◦C pathway based on

the set of scenarios outlined by the Intergovernmental Panel

on Climate Change (IPCC, 2018). The target is to sequester

100 MtCO2/year by 2030, and 2,300 MtCO2/year by 2050.

These estimates are based on a low-overshoot scenario and

are at the upper end of the required reductions outlined in

these scenarios (Rogelj et al., 2018; McKinsey and Company,

2020). SDG13 is also related to climate change. It sets forth

targets for climate action focused primarily on policies for

adaptation: to strengthen resilience and adaptive capacity to

climate-related disasters; integrate climate change measures into

policy and planning; build knowledge and capacity to meet

climate change; implement the UN Framework Convention on

Climate Change; and promote mechanisms to raise capacity for

planning and management. This paper does not address these

policies directly.

The total investment gap includes the required investment

in agricultural R&D and the required investment in climate-

smart and resource-saving technical options and management

practices. In addition to showing the impacts of the gap-

closing investments on hunger and GHG emissions—including

CO2 and non-CO2 [methane (CH4) and nitrous oxide

(N2O)] emissions—the analysis shows the impacts of these

investments on per capita income, gross domestic product

(GDP), and food prices. Results are reported both for 2030

and 2050 to show the longer-term impacts of potential gap-

closing investments.

Methodology

Economic and biophysical modeling

The primary tool for the scenario analysis is IFPRI’s

International Model for Policy Analysis of Agricultural

Commodities and Trade (IMPACT) framework, an integrated

modeling system that combines information from climate

models (Earth System Models, ESMs), crop simulation models

(Decision Support System for Agrotechnology Transfer—

DSSAT), and river basin level hydrological and water supply and

demand models. This information is linked to a global, partial

equilibrium, multimarket model focused on the agriculture

sector (Robinson et al., 2015) with a high level of disaggregation

across 158 countries, 154 water basins, and 60 commodities.

ESMs provide monthly rainfall and temperature data under

alternative climate change scenarios, the results of which

were downscaled to the pixel level for input into the crop

models. The hydrological and water supply and demand

models then determine the runoff available for crop production

based on the downscaled rainfall data along with interactions

across other economic sectors (industrial, domestic, livestock,

and irrigation).

DSSAT, developed by Jones et al. (2003), and frequently

updated since then, integrates crop, soil, and weather databases

into standard formats for use by crop models and other

applications. Weather statistics, including the availability of

water from rainfall and runoff and temperature from climate

models are incorporated in order to estimate crop yield

impacts under existing and various future climate scenarios.

The biophysical models are then used to estimate the impacts

of climate change (through changing temperature and water

availability) on crop yields. All crop yield simulations, both

in the reference case and any alternative scenarios, are within

bounds of known biophysical limits through an iteration check

against the Global Yield Gap Atlas (van Ittersum et al., 2013).

Biophysical yield shocks from climate change are then input

into the IMPACT partial equilibrium model. Climate change

shocks induce economic feedback effects in the model. Taking

the example of an initial negative impact on yields, the drop

in supply will induce higher commodity prices, which in turn

generate yield and area increases in the model, which partly

compensate for the initial biophysical shock.
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IMPACT is linked to a global general equilibrium model,

GLOBE (Willenbockel et al., 2018). The link with the GLOBE

model enables the assessment of the economy-wide impacts of

climate change and agricultural investments, including GDP

and per capita income. Linking IMPACT and GLOBE allows

quantitative analyses of the impact of changes in investment

in innovation in the agricultural sector on the rest of the

economy. The feedback from GLOBE to IMPACT captures

the endogenous effect of changes in income on food demand,

food prices, and hunger. The output from the above modeling

provides the drivers for further analyses that estimate the effects

of alternative scenarios on the share and number of hungry

people and GHG emissions.

Analysis of GHG emissions

The GHG emissions post-processor gives the GHG impacts

generated by modeled changes in crop and livestock production

systems caused by agricultural productivity growth in the

different scenarios. The empirical approach to estimating GHG

emissions uses IPCC Tier 1 factors for GHG emissions (IPCC,

2006; Yan et al., 2009). The Tier 1 method, which provides

a default emission factor and scaling factors, is applied to

countries in which country-specific emission factors do not

exist. The Tier 2 method is the same as the Tier 1 method but

requires that country-specific emission factors and/or scaling

factors be used. The Tier 1 method is the most feasible for

application at a global scale for a modeling analysis such as this

paper because Tier 2 factors are not available for most countries

(Yan et al., 2009). The GHG emissions are estimated from

three subcategories: synthetic fertilizers (N2O), rice cultivation

(CH4), and enteric fermentation (CH4) in livestock. To simulate

emissions, we employ the IPCC Tier 1 factors for direct

N2O emissions arising from mineral nitrogen (N) fertilizer

application to managed soils. The CO2 equivalent (CO2eq) for

these emissions is computed by multiplying the amount of the

GHG by its global warming potential.

The IPCC Tier 1 default factors for direct N2O emissions

arising from mineral N fertilizer application are 0.01 kg N2O-N

per kg N fertilizer applied to managed soils and 0.003 kg N2O-

N per kg N fertilizer applied to irrigated rice. These factors

are multiplied by the N fertilizer consumption projections for

each country and each crop/commodity. Note that the N2O

emissions we estimate exclude the indirect N2O emissions from

N leaching and runoff and atmospheric N deposition.

To estimate CH4 emissions from rice production, we

combine crop/commodity yield projections with Tier 1 emission

factors from Yan et al. (2009), enhanced by scaling factors.

Emissions factors for this approach include the baseline

emission factor for continuously flooded fields without organic

amendments, a scaling factor for differences in the water regime

during the cultivation period (e.g., single drainage and multiple

drainages), and a scaling factor for both the type of organic

amendment applied (e.g., rice straw and farmyard manure) and

the amount. These CH4 emissions from rice production are

first calculated for a unit of area and then multiplied by rice

production areas projected by IMPACT.

Livestock production is responsible for CH4 emissions from

enteric fermentation and both CH4 and N2O emissions from

livestock manure management systems. Among several species

of livestock, ruminants such as cows, buffaloes, camels, and

goats are important sources of CH4 in many countries because

their ruminant digestive systems have high CH4 emission

rates (IPCC, 2006). Thus, CH4 emissions from ruminants

are estimated based on animal number projections (both

slaughtered cattle and dairy animals) and emission numbers

from the enteric fermentation section of FAOSTAT. To estimate

emissions from the entire herd of ruminants, the projected

numbers of each type of animal (slaughter cattle, dairy cows,

goats, sheep, camels, and buffaloes) are multiplied by the

emission value obtained from FAOSTAT for per-head emissions

from enteric fermentation.

Finally, the GHG emissions from changes in land cover

driven by changes in crop area harvested and pastureland

are computed. The relationship between changes in crop

area and livestock production and total cropland and forest

area are derived from simulations that linked IMPACT and

LandSHIFT, a land use and land cover change model (Schaldach

et al., 2011). The estimated changes in forest area driven by

changes in area and livestock production under alternative

scenarios are then multiplied by a coefficient for estimated GHG

sequestration per unit of forest area to compute the carbon

sequestration generated by the investment scenarios. This

coefficient varies by type of forest and region. Sequestration rates

for afforestation/reforestation range within 0.8–2.4 t/ha/year in

boreal forests, 0.7–7.5 t/ha/year in temperate regions, and 3.2–10

t/ha/year in the tropics (Brown et al., 1996). Given these ranges,

we utilize a medium level of sequestration per hectare of forests

of 6 MtCO2/ha/year to compute global sequestration of CO2

under the agricultural R&D investment scenarios.

Investment scenarios

The scenarios utilize key elements of IPPC scenarios. The

IPCC scenarios are defined by two major components. First,

Shared Socioeconomic Pathways (SSPs) are global pathways

that represent alternative futures for economic and population

growth (O’Neill et al., 2014, 2015). Population growth and GDP

growth assumptions in the reference scenario are drawn from

SSP2, which is a middle-of-the-road scenario based on historical

trends and potential changes in trajectories in economic and

demographic growth. The SSP2 scenario corresponds to the

medium variant of IIASA-VID-Oxford population projections,

where global population reaches 8.3 billion by 2030 with a
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global GDP of US$143 trillion. Under SSP2, expected changes in

population and economic growth vary substantially by region.

Population growth is concentrated in the developing world,

where population grows at more than one percent per year

adding, by 2030, almost 1.4 billion people globally, compared

to only 0.1 billion in developed countries. Economic growth

is also faster in developing countries, with an average annual

growth rate of 5% compared to 2% in developed countries

(Mason-D’Croz et al., 2019).

The second key component in the IPCC scenarios is

the Representative Concentration Pathways (RCPs), which

represent potential GHG emission levels in the atmosphere and

the subsequent increase in solar energy that would be absorbed

(radiative forcing). There are four RCPs, named according to

the approximate level of radiative forcing in 2100, which ranges

from 2.6 watts per square meter (W/m2) to 8.5 W/m2. Through

2030, there are limited differences in atmospheric concentration

of GHGs across the four RCPs ranging from concentration

levels between 445 ppm and 480 ppm in 2030 compared to

approximately 375 ppm in 2005. Radiative forcing in 2030

ranges from 2.9 W/m2 to 3.3 W/m2 compared to 1.9 W/m2 in

2005. The RCPs begin to diverge more significantly by mid- and

end-of-century. For this analysis we use RCP 8.5, themost severe

of the RCPs, which has a radiative forcing pathway leading to 8.5

W/m2 (approximately 1,370 ppm CO2 eq) by 2100.

Following the establishment of the reference scenario,

additional scenarios are run to assess the gap in public and

private agricultural R&D investment, defined as the additional

annual investments above the business-as-usual reference

scenario required to end hunger in 2030. Increased agricultural

R&D affects hunger by boosting crop and livestock yields,

reducing food prices, and increasing farm income and economy-

wide GDP through multiplier effects on the non-agricultural

sectors. The lower prices and higher incomes boost food

consumption. In addition to showing the projected impacts on

hunger, the modeling results provide estimates of the effect of

the gap-closing investments on GHG emissions from agriculture

and deforestation.

The impact of overall agricultural R&D investments is

captured in the model in terms of productivity gains and

subsequent impacts on environmental and other outcomes. In

this article we build on previous work on cost estimation, such as

Nelson et al. (2010), using data on research costs (investments)

collected by the Agricultural Science and Technology Indicators

program, as well as literature on the economic and productivity

returns to investments in agricultural research (e.g., Evenson and

Gollin, 2003; Alston et al., 2011; Nin-Pratt et al., 2015; Nin-Pratt,

2016). This literature establishes a quantitative relationship

between changes in the stock of investment in agricultural R&D

and changes in agricultural productivity. The baseline private

sector investment in agricultural R&D is estimated based on

Pardey et al. (2006) and Fuglie (2016).

Beyond the reference scenario, we have developed an R&D

investment–yield model to assess the investment required to

achieve projected growth in agricultural productivity under the

alternative investment scenarios. Investments in research take

time to bear fruit, as new ideas can take years to develop and

spread. To capture these lags, we utilize an investment–yield

estimation model based on the perpetual inventory method,

in which research investments contribute to the stock of

knowledge over time. Knowledge decays as older technologies

become obsolete or irrelevant. Productivity grows if the stock

of knowledge grows at a faster rate than it decays. The lag

structure in the perpetual inventory method used here follows

a gamma distribution in which R&D investments reach peak

impact 10–15 years after initial investment and then decline

over time to zero impact 10–15 years after peak impact. With

regionally differentiated elasticities of yield with respect to

research and decay rates, these imputed lag structures vary by

region according to existing R&D capacity and the potential

trajectories for each region. The elasticity of yield with respect

to research measures the percentage change in yields with

respect to the stock of knowledge, which is explained in the

paragraph above. See Appendix J of Rosegrant et al. (2017)

for parameters used in the perpetual inventory method. This

approach allows us not only to estimate the baseline costs

in research implied under the reference scenario to 2050 but

also to estimate the additional investments needed to adapt

to climate change and make progress toward selected SDGs.

Improvements in agricultural productivity in the reference

scenario are represented by exogenous growth rates for each

commodity and country, based on historical trends as well as

expert opinion about future changes.

Accounting for both public and private investments, the

first component of the investment gap is computed as the

difference in investments between the reference scenario and

the level of investments required to end hunger (SDG2

calorie-based target) in 2030. Investments in the scenario

analysis focus on agricultural R&D. In addition to food

security impacts, the impact on emissions of CO2, non-

CO2, and those due to long-term productivity growth in

agriculture are projected based on the outcomes of the

investment scenarios. In the IMPACT modeling system,

investments in agricultural R&D for productivity growth also

influence projected GHG emissions by reducing commodity

prices, crop area harvested, animal numbers, and fertilizer

use due to improved N use efficiency (using less N per

unit of output), and by changing cropping and livestock

production patterns.

Along with a reference business-as-usual scenario,

alternative agricultural R&D investment scenarios are analyzed

in this article. The scenarios for higher investments in

agricultural R&D include international public research

institutions of the CGIAR, national agricultural research
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TABLE 1 Summary of investment scenarios.

Scenario

grouping

Scenario Scenario description

Reference REF_HGEM Reference scenario with RCP

8.5 future climate using

HadGEM global circulation

model

Productivity

enhancement

HIGH High increase in R&D

investment across the CGIAR

portfolio

HIGH+NARS High increase in R&D

investment across the CGIAR

portfolio plus complementary

NARS investments

HIGH+NARS+REFF High increase in R&D

investment across the CGIAR

portfolio plus complementary

NARS investments plus

increased research efficiency

HIGH+NARS+REFF+PRIVHigh increase in R&D

investment across the CGIAR

portfolio plus complementary

NARS investments plus

increased research efficiency

plus increased private

investments

RCP8.5, Representative Concentration Pathway 8.5; HGEM, HadGEM global circulation

model; R&D, research and development; NARS, national agricultural research systems;

CGIAR, a global partnership of international agricultural research centers; REFF, research

efficiency; and PRIV, private investment.

systems (NARS), research efficiency investments, and the

private sector (Table 1).

For the reference scenario, REF_HGEM, investments in

agricultural R&D by CGIAR are projected to average USD 1.7

billion per year during 2015–2050 in real 2005 dollars, while

annual NARS investment in the Global South averages USD 6.4

billion per year (Table 2). The largest investments are projected

in sub-Saharan Africa (SSA) (USD 2.2 billion per year) and Latin

America and the Caribbean (LAC) (USD 1.8 billion per year).

In most regions, the largest contribution to agricultural research

will come from investments from NARS. The exception is SSA,

where about half of the investments will come from CGIAR.

Four alternative scenarios seek to enhance agricultural

productivity through increased investment in agricultural R&D.

These four scenarios vary in level, source, and efficiency of

investment (Table 2). Each of these scenarios also uses SSP2

and RCP8.5, so that the results reflect changes in investment,

not changes in underlying socioeconomic conditions and

climate change. Yield effects for these alternative scenarios

are implemented by increasing yield growth rates relative

TABLE 2 Average annual investments in the Global South in the

reference scenario (REF_HGEM), 2015–2050 (billion 2005 USD).

Region R&D

CGIAR NARS PRIV Total

EAP 0.07 1.54 0.74 2.35

SAS 0.26 0.71 0.6 1.57

SSA 1.11 1.11 0.05 2.27

MEN 0.09 1.41 0.14 1.64

LAC 0.2 1.59 0.21 2.00

DVG 1.73 6.36 1.74 9.83

Figures are average annual investments over 2015–2050. HIGH, HIGH+NARS, and

HIGH+NARS+REFF assume the same level of increased investment from CGIAR.

Regions are EAP, East Asia and Pacific; SAS, South Asia; SSA, sub-Saharan Africa; MEN,

Middle East and North Africa; LAC, Latin America and the Caribbean; and DVG,

Global South.

to reference yield growth rates. The HIGH R&D scenario

incorporates yield gains from increasing investments in CGIAR

R&D and was developed in collaboration with all 15 CGIAR

centers through the Global Futures and Strategic Foresight

program, an initiative of the Policies, Institutions, and Markets

(PIM) research program of the CGIAR (see Prager and Wiebe,

2021). As a starting point, each center quantified potential

yield gains for their respective commodities (including crops,

livestock, and fish) in the Global South across SSA, LAC, South

Asia (SAS), East Asia and the Pacific (EAP), and the Middle

East and North Africa (MEN) with increased agricultural R&D

investment. The HIGH scenario adds USD 2.1 billion annually

to the reference costs for CGIAR investment in REF_HGEM,

heavily concentrated in SSA.

In the scenario HIGH+NARS, the increased investment by

CGIAR is complemented by an increase in NARS spending in

the Global South of USD 1 billion per year. The largest shares

of this increase are in SSA and MEN, which contribute almost

two-thirds of additional NARS investments.

Scenario HIGH+NARS+REFF adds investments in higher

research efficiency. Research efficiency is gained through

advances in breeding techniques, including in genome editing

technology, genomics and bioinformatics, and high-throughput

gene sequencing, as well as more effective regulatory and

intellectual property rights systems that reduce the lag times

from discovery to deployment of new varieties (Waltz, 2018;

Pourkheirandish et al., 2020; Zhu et al., 2020). For example,

Lenaerts et al. (2018) show that a reduction in time of breeding

through one technique, rapid generation advance, can generate

an increase in economic benefits of 26%, 36%, and 47% with a

saving of 3, 4, and 5 years, respectively, at a discount rate of 8%.

Falck Zepeda et al. (2012) show that regulatory costs and time

lags of 2 years delay would reduce the net present benefit for the

adoption of various crop varieties by 23–71%; eliminating those

delays and excess costs would increase profits by comparable
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amounts. Based on these studies, research efficiency is assumed

to increase the yield impact of investments by 30%, and the

maximum yield improvement is achieved by 2040, 5 years

earlier than in the HIGH scenario. Investment in increased

research efficiency adds another USD 0.42 billion per year to

this scenario.

Scenario HIGH+NARS+REFF+PRIV, the most extensive

R&D scenario, adds an increase in private sector investments

of 30% to the higher CGIAR, NARS, and research efficiency

investments. This adds USD 0.52 billion per year in private

investment, with nearly 40% spent in EAP and SAS. Combining

all the above R&D costs, the HIGH+NARS+REFF+PRIV

investment scenario requires an additional USD 4 billion per

year above the reference scenario, an increase of 41%. The

private sector accounts for 13% of the additional investments in

this scenario.

Technical mitigation options

The analysis of technical options for GHG emissions

reduction draws on the available evidence in the literature

regarding the potential impact of adopting climate-smart

techniques and management practices on GHG emissions, the

cost of adoption for these practices, and the adoption potential

of technical options. The four agricultural activities included

in the analysis are management of cropland, rice, pasture, and

livestock, as defined in IPCC publications (Smith et al., 2007,

2014; IPCC, 2014).

The second part of the investment gap is therefore

calculated as the additional investment required in technical

mitigation options to achieve the targets for non-CO2 and

CO2 emission reductions and sequestration in agriculture in

2030 that are consistent with 2◦C and 1.5◦C climate change

trajectories. Restoration of agricultural soils is not included.

Following IPCC guidelines for accounting for GHG emissions in

agriculture (IPCC, 2006), upstream and downstream emissions

such as the production of fertilizer and other inputs and

value chain emissions are not included. The technical options

considered follow:

• Improved cropland management. This is an important

potential method to reduce N2O emissions and sequester

CO2. These can be achieved through agronomy (crop

rotation and cover crops); conservation tillage and residue

management; improved water management to reduce

fertilizer runoff; and improved nutrient management

through precision agriculture, advanced types of fertilizer,

new N-use-efficient crop varieties, and stabilized N sources

(polymer-coated urea and nitrification inhibitors).

• Improved rice management for reduction of CH4

emissions. This includes mid-season drainage of rice

paddies and alternate wetting and drying.

• Pasture management, which can reduce GHG emissions

through improved grasses and pasture management,

improved manure management, and the use of legumes.

• Livestock management, which reduces CH4 emissions with

improved feeding practices and feed additives, improved

manure management systems, and breeding and long-

term management.

The assessment of technical options for GHG mitigation

is based on data and research outcomes available from IPCC

documents and other publications. Sources consulted include

Smith et al. (2008, 2018), Del Grosso and Cavigelli (2012), Smith

et al. (2013), Havlík et al. (2014), IPCC (2014); Beach et al.

(2015), Herrero et al. (2016), Wollenberg et al. (2016), Frank

et al. (2018), IPCC (2018), and EPA (2019). Key parameters

considered in the assessment include the potential savings in

tCO2eq per hectare or per animal unit from the adoption of

technical options, the rate of adoption of technical options

in terms of percentage of area or herd, and the cost of

investment in mitigation from each technical option in USD

per tCO2eq. Investment costs include incremental annualized

capital costs where applicable (many of the mitigation practices

are more focused on changes in practices and inputs than capital

expenditures) and estimated incremental changes in the annual

costs of agricultural labor, fertilizer, and other inputs. Following

the practice in these sources, the technologies are assumed to

be yield-neutral, so the costs do not include revenue changes

for farmers due to possible productivity increases or decreases

related to the application of a technology (Frank et al., 2018).

For any given technology, this assumption could lead to over-

or under-estimation of the cost of GHG emission reductions.

Future research that rigorously assesses the yield impacts could

allow this assumption to be dropped. The assumptions regarding

the range of values for the key parameters are shown in Table 3.

In agriculture, there is a relationship between the amount

paid for GHG emission reductions (i.e., the price per tCO2eq)

and the level of mitigation realized. The economic potential

for mitigation options in agriculture increases as the carbon

price rises. For this analysis, we assess the potential for GHG

mitigation from the adoption of technical mitigation options at

a carbon price of USD 70 per tCO2eq. This carbon price was

chosen for assessment based on a review of the literature as a

carbon price that would potentially generate GHG emissions

reductions that would be consistent with the Paris Agreement

pathways (see Del Grosso and Cavigelli, 2012; Smith et al., 2014;

Beach et al., 2015; Frank et al., 2018).

Based on these parameters we compute the annual costs

of potential mitigation in MtCO2eq and of investment in

mitigation in 2030 and 2050 inmillion USD. The key parameters

vary across sources and different ranges are reported in many

of the sources. To capture this variability, calculations are made

for a series of combinations of the parameters to assess a

distribution of potential outcomes. These results allow us to
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TABLE 3 Assumptions for analysis of technical climate mitigation potential and costs: range of values used.

(a) Cropland, rice, and grassland/pasture management.

Potential adoption

in 2030

Potential adoption

in 2050

Cost in 2030 Cost in 2050 CO2 mitigation

potential

(biophysical)

CH4 mitigation

potential

(biophysical)

NO2 mitigation

potential

(biophysical)

(% of crop area

harvested)

(% of crop area

harvested)

(USD per tCO2eq) (USD per tCO2eq) (tCO2eq per ha per

year)

(tCO2eq per ha per

year)

(tCO2eq per ha per

year)

Cropland management

Agronomy 50–70 45–100 10–15 11–18 0.40–0.58 n/a 0.04–0.085

Tillage and residue

management

50–80 45–100 9–15 10–18 0.24–0.40 n/a 0.02–0.06

Nutrient management 50–80 45–100 8–15 9–18 0.20–0.30 n/a 0.07–0.12

Water management 50–70 45–100 10–20 12–23 0.04–0.05 n/a 0.05–0.075

Rice management 65–80 65–100 6–9 7–10 n/a 1.51–1.90 n/a

Grassland/ pasture

management

20–40 20–40 7–10 8–12 0.40–0.46 0.01–0.04 n/a

(b) Livestock management.

Cost in 2030 Cost in 2050 Livestock CH4 (%

mitigation

potential)

(USD per tCO2eq) (USD per tCO2eq) Global South

Livestock sector 8–12 9–13

Improved feeding

practices, additives, etc.

5–10

Manure management 2–4

Breeding and long-term

management

2–4

n/a, not applicable.

Sources: estimated ranges of parameter values are drawn from Smith et al. (2008, 2013, 2018), Del Grosso and Cavigelli (2012), Havlík et al. (2014), IPCC (2014, 2018), Beach et al. (2015), Herrero et al. (2016), Wollenberg et al. (2016), Frank et al. (2018),

and EPA (2019).
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compute the investment required to generate GHG emissions

reductions consistent with the Paris Agreement pathways. The

investment requirements represent the total carbon payments

or payments for environmental services that need to be paid to

induce the adoption of the technical options needed to generate

mitigation consistent with a 2◦C climate trajectory.

Results and discussion

Investment scenarios for agricultural R&D

Projected percentage increases in crop and livestock

production under the investment scenarios relative to the

reference scenario (REF_HGEM) are shown in Figures 1, 2. The

regions assessed are EAP, East Asia and Pacific; SAS, South Asia;

SSA, sub-Saharan Africa; MEN, Middle East and North Africa;

LAC, Latin America and the Caribbean; and DVG, Global South

(the total of the other regions). Agricultural production growth

in SSA has lagged significantly behind the rest of the world,

but with the heavy concentration of investment in agricultural

R&D in this region in the investment scenarios, both crop and

livestock production growth in SSA are projected to grow faster

relative to the reference scenario than in other regions. Crop

and livestock production in SAS will also grow rapidly. There

is strong growth in MENA in crop production in percentage

terms, from a low reference level; LAC has substantial growth in

livestock production; and EAP has relatively slow growth in both

crop and livestock production, from very high reference levels.

Hunger and economic outcomes

The share of people at risk of hunger is the percentage of

the total population in a country that is at risk of suffering from

undernourishment. This calculation is based on the empirical

correlation between the share of undernourished within the total

population and the relative availability of food and is adapted

from the work done by Fischer et al. (2005) in the International

Institute for Applied Systems Analysis (IIASA) World Food

System used by IIASA and FAO. This approach is equivalent to

the FAO prevalence of undernourishment metric (FAO, 2008).

The number of hungry people is then computed as the share of

people at risk of hungermultiplied by the population. The results

for the impact of the investment scenarios are shown in Table 4.

The rise in productivity growth under the increased

investment in agricultural R&D scenarios boosts per capita

income and results in lower food prices, which in turn

increases the demand for food, particularly for lower-

income groups. The result is that for the Global South,

the population at risk of hunger is reduced by 22% under

the HIGH+NARS+REFF+PRIV scenario relative to the

reference scenario in 2030, less than half its 2010 level. The

biggest reductions in hungry people to 2030 are in SAS. The

HIGH+NARS+REFF+PRIV and HIGH+NARS+REFF

scenarios achieve the SDG2.1 target at the 5% share at risk of

hunger in EAP, SAS, and LAC.

However, SSA remains well above the SDG2.1 target with an

11.8% share at risk of hunger in 2030, although this is a major

improvement relative to its 24.3% share at risk of hunger in 2010.

After 2030, the number of hungry people in SSA falls sharply

as the effects of agricultural productivity growth accumulate,

and by 2050 the region reaches a share of 5.3% at risk of

hunger. Given the lags from investment in R&D to impacts on

productivity and hunger, it is not feasible to design an even

higher R&D investment scenario to try to achieve the 5% target

for SSA by 2030 while still improving performance elsewhere.

Moreover, other types of investment and policies are needed to

address persistent hunger, including income transfers and social

safety nets (World Bank, 2012).

Along with the progress in achieving global hunger goals,

the investment scenarios generate large economic returns. The

R&D investment alone adds USD 1.7 trillion to the GDP of the

Global South in 2030, and USD 9.1 trillion in 2050. In these

countries, investment raises national average per capita income

by 1.9% in 2030 and 5.9% in 2050 relative to business as usual

(Tables 5, 6). The increases in investment in SSA generate the

highest proportional per capita income gains among the various

regions: 8% by 2030 and 23.5% by 2050.

Across all the alternative investment scenarios, increases in

yields and production drive a reduction in food prices in 2030

and 2050 relative to the reference scenario (Table 7). Climate

change reduces yields relative to a counterfactual climate

scenario that follows a no-climate change (NoCC) pathway,

assuming a constant climate after 2015, with atmospheric

concentration of GHGs remaining at 2015 levels. Including both

the biophysical impacts and the induced responses described

in the methodology section, climate change as specified in

REF_HGEM reduces global average crop yields compared to

NoCC in 2050 scenario by 8.8% for cereals and oilseeds, 6.5%

for roots and tubers, 2.9% for fruits and vegetables, and 1.9%

for pulses. The reduced yields due to climate change result in

increasing prices under REF_HGEM. Cereal prices increase by

43% between 2015 and 2050, oilseeds by 32%, roots and tubers

by 42%, fruits and vegetables by 39%, and pulses by 21%. The

scenarios with higher investment in R&D result in substantially

lower prices for all commodities compared to the reference

scenario. For example, underHIGH+NARS+REFF+PRIV the

price for oil crops decreases on average by about 21% compared

to REF_HGEM in 2050, whereas the decrease is over 43% for

roots and tubers, 39% for cereals, and 36% for meat (Table 7).

Thus, this level of investment is projected to eliminate or greatly

reduce the commodity price increases from 2015 to 2050 caused

by climate change.

Although this paper focuses on SSP2 and RCP8.5, a

sensitivity analysis run for another recent publication using

IMPACT shows that the impacts of investments in agricultural

R&D on hunger have a robust effect across the range of potential
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FIGURE 1

Percent changes in total crop production under alternative R&D investment scenarios compared to the reference scenario. WLD, world; DVG,

Global South; EAP, East Asia and Pacific; SAS, South Asia; SSA, sub-Saharan Africa; MEN, Middle East and North Africa; and LAC, Latin America

and the Caribbean. Source: IMPACT model.

climate and socioeconomic futures. Sulser et al. (2021) ran

scenarios with combinations of socioeconomic assumptions for

SSP1, SSP2, and SSP3, and climate assumptions with RCP4.5

and RCP8.5, using the Global Circulation Models HadGEM2-

ES (Jones et al., 2011), IPSL-CM5A-LR (Dufresne et al., 2013),

MIROC-ESM (Watanabe et al., 2011), NorESM1-M (Bentsen

et al., 2013; Iversen et al., 2013), and GFDL-ESM2M (Dunne

et al., 2012) for agricultural R&D investment scenarios similar to

theHIGH,HIGH+NARS andHIGH+NARS+REFF scenarios

in this paper. The results for these investment scenarios show a

reduction in the population at risk of hunger in the developing

world of 15% and 30% in 2030 and 2050, respectively, relative to

the reference scenario. The results from this study are consistent

with these results, with reductions in the population at risk of

hunger in the developing world in 2030 of 15–28%, relative to

the reference scenario, and of 20–31% in 2050 for the HIGH,

HIGH+NARS, andHIGH+NARS+REFF scenarios (Table 4).

GHG emission reductions through
productivity growth

Total global GHG emissions from all sources were 52,000

MtCO2eq in 2015 (Crippa et al., 2021). Direct GHG emissions

from agricultural production, together with related emissions

from land-use change and forestry, account for nearly one-

quarter of global GHG emissions (IPCC, 2014). According to

FAO (2021a), direct agricultural emissions were about 5,450

MtCO2eq in 2015. IPCC (2014) estimates the total direct

agricultural emissions to be in the range of 4,300–5,300

MtCO2eq/year, with 95% confidence interval of 3,900–7,000

MtCO2eq/year. According to the Food Security Chapter of

the IPCC Climate Change Land Special Report (Mbow et al.,

2019), about 21–37% of total GHG emissions are attributable

to the food system, including emissions from agriculture and

land use, storage, transport, packaging, processing, retail, and

consumption. Crippa et al. (2021) provide a higher estimate

of 34%, with a range of 25–42%. Crop and livestock activities

within the farm gate account for 9–14% of total global GHG

emissions, consistent with the FAOSTAT and IPCC estimates

of direct agricultural emissions above (Mbow et al., 2019).

Agriculture is also responsible for 5–14% of total GHG emissions

through its impact on land use and land-use change including

deforestation and peatland degradation, and 5–10% from supply

chain activities (Mbow et al., 2019). The focus of this article is on

direct agricultural emissions and the impact of investments on

land-use change. Changes in GHG emissions from supply chain

activities are not analyzed in this article. Although agricultural

land also generates large CO2 fluxes both to and from the
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FIGURE 2

Percent changes in total livestock production under alternative R&D investment scenarios compared to the reference scenario. WLD, world;

DVG, Global South; EAP, East Asia and Pacific; SAS, South Asia; SSA, sub-Saharan Africa; MEN, Middle East and North Africa; and LAC, Latin

America and the Caribbean. Source: IMPACT model.

atmosphere via photosynthesis and respiration, this flux is

nearly balanced on existing agricultural land. Substantial carbon

releases, however, result from the conversion of forested land,

which is accounted for under the land-use change category.

In the reference scenario, deforestation due to agricultural

production for 2015–2030 is projected to be 9 million hectares

(Mha)/year, and 7.3 Mha/year for 2030–2050. The reduction in

deforestation is due to agricultural R&D expenditures, which

increase crop yields and thus reduce the rate of crop area

expansion. Taken together, these two estimates give an overall

projected rate of deforestation due to agricultural production

of 8.15 Mha/year, which is consistent with the available

evidence. According to FAO (2020), the annual global rate

of deforestation was 10 Mha/year for 2015–2020, and it is

estimated that 80% of global deforestation, 8 Mha/year, is caused

by agricultural activities (Kissinger et al., 2012). Under the

HIGH+NARS+REFF+PRIV scenario, the projected average

annual reduction in deforestation is 925,000 ha/year for

2015–2030 and 1 Mha/year for 2030–2050. Thus, under

HIGH+NARS+REFF+PRIV, the projected annual average

rate of deforestation is 8.1 Mha/year for 2015–2030 and 6.3

Mha/year for 2030–2050.

The HIGH+NARS+REFF+PRIV scenario contributes to

non-CO2 emission reductions of 291 MtCO2eq/year by 2030,

relative to the reference scenario. This is due to lower N2O

release from fertilizer use and reduced CH4 from rice and

livestock production (Table 8). The scenario also achieves CO2

emission reductions of 111 Mt/year from the prevention of

deforestation due to productivity growth that results in slower

expansion of cropland.

GHG emission reductions and
sequestration through adoption of
technical options

The results from the agricultural R&D scenarios show that,

in addition to coming close tomeeting the SDG2 target of ending

hunger, the investments of HIGH+NARS+REFF+PRIVmake

important contributions to reducing GHG emissions, but

do not achieve the CO2 or non-CO2 emission reductions

necessary for agriculture’s contribution to a 2◦C or 1.5◦C climate

trajectory. Therefore, additional investments are required

to promote the adoption of climate-smart and resource-

conserving technical options that can achieve GHG emission

reduction outcomes consistent with the Paris Agreement and

SDG13, when combined with the reductions achieved through

investment in agricultural R&D. It is assumed that the GHG
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TABLE 4 Risk of hunger in millions of people and as a share of the total population (percent).

WLD DVG EAP SAS SSA MEN LAC

Population at risk of hunger 2010 REF_HGEM 838.1 823.3 271.3 268.5 209.5 29.3 39.5

2030 REF_HGEM 601.8 586.2 120.2 166.2 226.8 35.8 35.8

HIGH 515.1 500.3 111.7 130.7 189.8 33.3 33.2

HIGH+NARS 496.1 481.6 109.9 122.5 182.2 32.8 32.6

HIGH+NARS+REFF 433.3 419.4 103.9 96.0 156.0 31.1 30.7

HIGH+NARS+REFF+PRIV 422.3 408.5 102.2 90.3 153.4 30.7 30.1

2050 REF_HGEM 491.6 475.9 108.8 99.8 199.5 38.2 28.8

HIGH 393.9 380.7 94.0 85.4 141.8 33.4 24.8

HIGH+NARS 376.6 364.0 91.9 83.4 130.9 32.6 24.0

HIGH+NARS+REFF 341.4 329.1 87.6 80.1 106.0 31.3 22.6

HIGH+NARS+REFF+PRIV 320.5 308.5 83.7 77.3 95.9 28.8 21.4

Share at risk of hunger 2010 REF_HGEM 12.2 14.2 12.4 16.5 24.3 6.4 6.8

2030 REF_HGEM 7.3 8.3 5.1 8.0 17.1 5.9 5.2

HIGH 6.2 7.1 4.8 6.3 14.3 5.5 4.8

HIGH+NARS 6.0 6.8 4.7 5.9 13.7 5.4 4.7

HIGH+NARS+REFF 5.2 5.9 4.4 4.6 11.8 5.1 4.4

HIGH+NARS+REFF+PRIV 5.1 5.8 4.4 4.4 11.6 5.1 4.4

2050 REF_HGEM 5.4 6.0 4.8 4.2 11.1 5.3 3.9

HIGH 4.3 4.8 4.2 3.6 7.9 4.7 3.3

HIGH+NARS 4.1 4.6 4.1 3.5 7.3 4.6 3.2

HIGH+NARS+REFF 3.7 4.2 3.9 3.4 5.9 4.4 3.0

HIGH+NARS+REFF+PRIV 3.5 3.9 3.7 3.3 5.3 4.0 2.9

Source: IMPACT model.

WLD, world; DVG, Global South; EAP, East Asia and Pacific; SAS, South Asia; SSA, sub-Saharan Africa; MEN, Middle East and North Africa; and LAC, Latin America and the Caribbean.

emission reductions from technical options are additive to the

GHG emissions reductions generated by the agricultural R&D

scenarios. Figures 3A–C show the distribution of estimated

potential mitigation of GHG emissions from technical options

at a carbon price of USD 70 per tCO2eq. Figure 4 shows the

investment required to generate this level of mitigation.

Themean non-CO2 technical mitigation economic potential

in 2030 is 714 MtCO2eq/year, with a range of 606–

815 MtCO2eq/year; the mean potential in 2050 is 783

MtCO2eq/year, with a range of 647–901 MtCO2eq/year

(Figure 3A). Comparisons with the literature are not precise

because of the different methods employed for these estimations

but are nevertheless useful. Del Grosso and Cavigelli (2012)

estimate that the potential for non-CO2 agricultural mitigation

from technical options at a carbon price of USD 50 per tCO2eq

is 693 MtCO2eq/year in 2030; EPA (2019) estimates savings

of 593 MtCO2eq/year in 2030 at “increasing prices;” Frank

et al. (2018) estimate that adoption of technical options in 2030

can deliver direct non-CO2 emission savings of 500 and 800

MtCO2eq/year at USD 40 and 100 per tCO2eq, respectively,

and about 850 MtCO2eq/year at USD 100 per tCO2eq in 2050.

Thus, the estimates of economic potential made here are within

the range found in the literature. The total cost (investment

required in carbon payments) to generate this level of mitigation

is shown in Figure 4. The mean cost of technical mitigation is

USD 6.5 billion per year in 2030, with a range of USD 5.4–

7.9 billion per year. We also ran a sensitivity analysis of the

non-CO2 technical mitigation economic potential with respect

to carbon prices of USD 50 and 100 per tCO2eq. Although

the total cost of mitigation at USD 50 per tCO2eq is of course

lower than for USD 70 per tCO2eq, at USD 3.1 billion per year,

the mean potential savings is only 483 MtCO2eq/year in 2030,

far below the non-CO2 agricultural mitigation needed to be

consistent with the 2◦C climate change pathway. At USD 100

per tCO2eq the mean potential non-CO2 technical mitigation

economic potential in 2030 is 887 MtCO2eq/year, at a cost of

USD 11.6 billion.

Direct comparators for global CO2 sequestration potential

at specific carbon prices are not available, but comparators

for combined CO2 and non-CO2 mitigation potential are

discussed below. The potential for global CO2 sequestration

from the implementation of the same technical mitigation

options described above for non-CO2 emissions reductions

is shown in Figure 3B. Combined total technical mitigation

potential includes the values for non-CO2 GHG and CO2

emissions (Figure 3C). The total CO2 technical mitigation
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TABLE 5 Average per capita incomes in the reference scenario (thousand 2005 USD per person) and percent di�erences under alternative

investment scenarios in 2030 and 2050.

WLD DVG EAP SAS SSA MEN LAC

2010 REF_HGEM 9.8 5.4 8.8 2.7 2.0 10.0 10.0

2030 REF_HGEM 17.2 12.4 22.3 6.9 3.7 17.0 16.9

HIGH 0.5% 0.8% 0.5% 1.1% 3.6% 0.6% 0.2%

HIGH+NARS 0.6% 1.0% 0.6% 1.4% 4.5% 0.8% 0.3%

HIGH+NARS+REFF 1.1% 1.8% 1.1% 2.5% 7.8% 1.3% 0.5%

HIGH+NARS+REFF+PRIV 1.2% 1.9% 1.3% 2.7% 8.0% 1.5% 0.5%

2050 REF_HGEM 24.8 19.6 35.3 13.2 7.2 25.8 25.7

HIGH 1.8% 2.6% 1.3% 3.1% 11.9% 1.7% 0.7%

HIGH+NARS 2.3% 3.3% 1.6% 3.8% 14.9% 2.1% 0.8%

HIGH+NARS+REFF 3.3% 4.8% 2.4% 5.6% 21.5% 3.0% 1.2%

HIGH+NARS+REFF+PRIV 4.1% 5.9% 3.0% 7.7% 23.5% 4.1% 1.7%

Source: IMPACT model.

Projected value for SSP2 under REF_HGEM but all other scenarios show percent change from REF_HGEM.

WLD, world; DVG, Global South; EAP, East Asia and Pacific; SAS, South Asia; SSA, sub-Saharan Africa; MEN, Middle East and North Africa; and LAC, Latin America and the Caribbean.

TABLE 6 Regional increase in GDP under di�erent investment scenarios in 2030 and 2050 compared to REF_HGEM (trillion 2005 USD).

WLD DVG EAP SAS SSA MEN LAC

2030 HIGH 0.709 0.700 0.262 0.161 0.177 0.061 0.024

HIGH+NARS 0.885 0.873 0.325 0.200 0.223 0.077 0.030

HIGH+NARS+REFF 1.558 1.534 0.576 0.353 0.384 0.134 0.053

HIGH+NARS+REFF+PRIV 1.722 1.696 0.668 0.376 0.397 0.150 0.062

2050 HIGH 4.149 4.067 1.056 0.957 1.545 0.308 0.126

HIGH+NARS 5.181 5.077 1.305 1.199 1.935 0.387 0.157

HIGH+NARS+REFF 7.524 7.365 1.890 1.763 2.789 0.560 0.229

HIGH+NARS+REFF+PRIV 9.329 9.141 2.379 2.420 3.037 0.752 0.314

Source: IMPACT model.

WLD, world; DVG, Global South; EAP, East Asia and Pacific; SAS, South Asia; SSA, sub-Saharan Africa; MEN, Middle East and North Africa; and LAC, Latin America and the Caribbean.

potential has a mean of 1,868 MtCO2eq/year in 2030, with a

range of 1,613–2,417 MtCO2eq/year; and the corresponding

values for 2050 are 2,148 and 1,733–2,511 MtCO2eq/year. In

2030, cropland management accounts for 49% of the total CO2

emission reduction potential, rice management 10%, grasslands

22%, and livestock 19%. The 2030 values fall between the

Smith et al. (2014) estimates of mitigation potential in 2030

for the four categories of technical options analyzed here

(management of cropland, rice, pasture, and livestock) of

approximately 1,575 and 1,950 MtCO2eq/year at USD 50 and

100 per tCO2eq, respectively (estimated from Smith et al., 2014:

figure 11.13).

The mean results for total CO2 GHG emissions reductions

from Figure 3C are further broken down by technical options

in Table 9. The results show that the projected economic mean

potential non-CO2 GHG emissions reductions from technical

options in agriculture are 1,868 and 2,148MtCO2eq/year in 2030

and 2050, respectively.

Comparison with other studies

Numerous estimates have been made of the cost of

achieving various development goals, such as ending hunger,

although methods and targets are often specified differently.

Estimates vary depending on the specific questions being asked

(Fan et al., 2018); the objective of the study; sectors and

investments covered; whether climate change is considered; the

methods, models, and assumptions used; geographical coverage;

and numerous other factors (Mason-D’Croz et al., 2019).

Estimates are therefore not directly comparable, but can provide

useful context. Results from these studies are summarized in

Table 10.

ZEF and FAO (2020) use a marginal cost curve

approach to estimate the cost of ending hunger by

2030, finding that total additional annual investments

of about USD 39–50 billion are required. Investments

and policies considered include agricultural R&D,
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TABLE 7 Global aggregated commodity prices, percent di�erence relative to REF_HGEM in 2030 and 2050.

All Cereals Fruits and vegetables Meat Oilseeds Pulses Roots and tubers

2030 HIGH −7% −11% −3% −10% −6% −13% −14%

HIGH+NARS −9% −14% −4% −12% −8% −16% −17%

HIGH+NARS+REFF −15% −21% −7% −15% −12% −27% −28%

HIGH+NARS+REFF+PRIV −16% −23% −9% −16% −13% −27% −28%

2050 HIGH −14% −22% −6% −20% −13% −25% −25%

HIGH+NARS −17% −25% −8% −24% −15% −30% −31%

HIGH+NARS+REFF −23% −32% −10% −27% −20% −41% −42%

HIGH+NARS+REFF+PRIV −29% −39% −20% −30% −21% −42% −43%

Source: IMPACT model.

TABLE 8 Projected GHG emissions reductions and sequestration per

year from agriculture due to investments in productivity growth,

HIGH+NARS+REFF+PRIV, relative to REF_HGEM. Numbers in

parentheses are percent change compared to REF_HGEM.

MtCO2eq/year

Emissions sources 2030 2050

Fertilizer (N2O) 110 (14.0) 131 (14.1)

Rice (CH4) 27 (5.3) 53 (10.4)

Livestock (CH4) 154 (6.6) 313 (12.7)

Total non-CO2 GHG emissions reduction 291 (8.0) 497 (12.7)

Reductions in carbon emissions due to less land-use change 111 (1.1) 248 (2.5)

Source: IMPACT modeling analysis.

agricultural extension services, agricultural information

systems, small-scale irrigation expansion in Africa,

female literacy improvement, child nutrition programs,

scaling up existing social protection programs, crop

protection, integrated soil fertility management, the

African Continental Free Trade Agreement, and fertilizer

use efficiency.

FAO et al. (2015) focus on the investments needed to

ensure that people have adequate income and resources

to get the food they need. To achieve this by 2030

would cost an additional USD 265 billion per year

for social protection and pro-poor investments and

expenditures, both public and private, in agriculture

and rural development. This study looks at the

broadest set of investments, including additional

public investment in social protection and targeted

pro-poor investments in rural areas combined with

public and private efforts to raise investment levels in

productive sectors.

Laborde et al. (2016), using the MIRAGRODEP dynamic

global model, estimate that hunger can be ended by 2030

with additional annual investments of USD 11 billion for

2015–2030. These new public expenditures would fund

three categories of interventions: (1) social safety nets

directly targeting consumers through cash transfers and

food stamps; (2) farm support to expand production and

increase farmers’ incomes; and (3) rural development that

reduces inefficiencies along the value chain and enhances

rural productivity.

In a subsequent study, Laborde et al. (2020) find that

USD 33 billion annually is needed to end hunger, double

the incomes of small-scale producers by 2030, and maintain

agricultural GHG emissions below the commitments made

in the Paris Agreement. The study includes investments in

interventions related to social protection, institutions such

as farmers’ organizations, and education through vocational

training. It also includes interventions provided directly to

farmers, including farm inputs, R&D, improved livestock

feed, and irrigation infrastructure. Other interventions

considered in this study include interventions to reduce

post-harvest losses, improve returns from sales, and

support the mix of services provided by small- and

medium-sized enterprises, such as cooperatives, traders,

and processors.

Baldos et al. (2020) examine the required R&D investment

costs to adapt to climate change, based on climate-driven

crop yield projections generated from extreme combinations of

crop and global circulation models. They find that offsetting

crop yield losses projected by climate and crop models

for 2006–2050 would require increased R&D adaptation

investments for 2020–2040 totaling USD 187–1,384 billion

(in 2005 USD purchasing power parity). The R&D-led

climate adaptation could therefore offer favorable economic

returns and deliver gains in food security and environmental

sustainability by mitigating food price increases and slowing

cropland expansion.

Dalberg (2021) provides an analysis of investment in

innovation in agriculture, but they do not link the investment

to hunger and climate outcomes. They estimate that the

annualized innovation spending on agriculture in the

Global South for 2000–2019 was USD 50–70 billion in

2019 constant dollars. Classifying spending estimates by
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FIGURE 3

Global agriculture sector technical mitigation potential for (A)

non-CO2 , (B) CO2 and (C) Total for 2030 and 2050, at a carbon

price of USD 70 per tCO2eq. In these box-and-whisker

diagrams, the box shows the upper and lower quartiles of the

distribution of the results, and the whiskers (the lines extending

from the boxes) indicate variability outside the upper and lower

quartiles (defined here as highest and lowest values within 1.5

times the interquartile range). Any dots outside the whiskers

represent outliers. The means of the distribution are shown as

“x” within the boxes and the medians are shown as horizontal

lines in the boxes. Source: IMPACT model.

FIGURE 4

Global cost of technical mitigation, 2030 and 2050, million USD

per year, at a carbon price of USD 70 per tCO2eq. Source: Author

estimates based on parameters derived from the literature.

innovation area, Dalberg finds that the areas with the largest

shares of funding are public and private R&D funding

with 20%, marketing extension and behavior change

with 33%, institutional and infrastructure with 20%, and

product development with 15%. Although they are not

conceptually identical, the Dalberg estimate of USD 10–14

billion for R&D can be compared to the USD 9.8 billion of

agricultural R&D investment in the reference scenario in

this paper.

Finally, previous studies using IFPRI’s IMPACT model

analyzed a broader set of investments to assess the impact of

boosting agricultural productivity on food security and the

environment in the context of climate change. Rosegrant et al.

(2017) found that increased global investments in agricultural

research, resource management, and infrastructure (irrigation

and rural roads), with the aim of increasing agricultural

productivity and nearly ending hunger by 2030, would cost

an average of USD 52 billion annually for 2015–2030. This

is much higher than the cost estimated in this paper due to

the inclusion of infrastructure. A comparison between the

two papers indicates that shifting additional spending to

agricultural R&D may be more cost-effective in addressing

hunger than large increases in infrastructure investment

relative to recent trends. Nevertheless, expenditures on

infrastructure remain important, with substantial investments

in irrigation infrastructure and rural roads built into the

reference scenario.

Overall, previous studies have higher estimates of

investment gaps to end hunger. These higher costs are

generally because previous studies target multiple goals and/or

because they include investments in broader development

initiatives, including infrastructure such as rural roads and

irrigation, rural development programs, and social protection

programs. The comparative magnitude of these gap estimates
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TABLE 9 Summary of mean potential total emissions reductions from

technical options in agriculture at a carbon price of USD 70 per

tCO2eq.

Technical mitigation options MtCO2eq/year

2030 2050

Cropland management 919 1,152

Agronomy 410 514

Tillage and residue management 265 327

Nutrient management 221 281

Water management 23 30

Rice management 187 209

Grassland/pasture management 402 422

Livestock 360 365

Total CO2 mitigation potential 1,868 2,148

Source: Estimation by authors.

Values are relative to no adoption of these technical options.

with the estimate in this article indicates that investment

in innovation may have especially high impacts on ending

hunger while also improving the performance of climate

change mitigation. Careful targeting of interventions to

the hunger goal can also reduce the cost relative to the

impact. The study of Laborde et al. (2016) has a relatively

low-cost estimate for ending hunger by 2030, at USD 11

billion annually, arrived at by combining the targeting of

consumers with cash transfers and food stamps with farm

support to expand production and increase farmers’ incomes.

Nevertheless, broader investments in social protection,

infrastructure, and value chains, together with reforms in the

areas of gender-responsive policies, agricultural extension,

finance for small farmers, and water management, remain

essential for sustainable agriculture intensification and

economic development.

Model and analysis limitations

In common with the studies cited above, our analysis

relies on many assumptions and estimated agricultural and

economic relationships. As a global economic-biophysical

model, IMPACT relies primarily on aggregate national statistics,

together with sub-national down-scaling of climate and water

resources and must therefore represent economic behavior in a

relatively aggregated approach (Mason-D’Croz et al., 2019). The

linkage of a disaggregated agricultural partial equilibriummodel

like IMPACTwithGLOBE advances the assessment of economy-

wide impacts of investments with feedback to agricultural

incomes. Additional disaggregation would further enrich the

analysis. The analysis focuses on innovation investments in

sustainable intensification of agricultural production, rather

than on the full food system. In this analysis, hunger is defined

as the SDG 2.1 calorie-based target to end hunger. Future

work should also focus on dietary and nutritional security

and quality.

The study focuses on SDG 2 and the Paris Agreement

pathways. Many other SDGs are also important, such as

water resources and biodiversity. Future work on the policies

and potentials to improve performance in meeting additional

SDGs would be valuable but are beyond the scope of the

current analysis.

As with the other studies on ending hunger, we focus on

calorie-based hunger. This afflicted 689 million people in 2019,

an increase of 10 million from 2018 and nearly 60 million from

2014 (FAO, 2021b). Projections of other aspects of nutrition and

food security, such asmicronutrient malnutrition and childhood

stunting are more complex, as is a distributional analysis by

groups of people within countries. It is likely that the cost

of addressing these aspects of hunger in addition to calorie-

based hunger would be considerably higher than the estimates

here. As noted in Rosegrant et al. (2021a), broader malnutrition

problems, together with the continued transformation of

food systems in developing countries, require wider-ranging

approaches and interventions to improve nutritional outcomes

than have been used historically. Reducing the impact of

these factors would require changes beyond the agricultural

sector, including planning, transportation, public health, food

production, and marketing (Caballero, 2007; Ruel et al.,

2017). Interventions and policies should take into account

the need for more sustainable diets that would include a

sufficient supply of micronutrient-rich foods without excessive

consumption of energy-dense, nutrient-poor foods (Kearney,

2010). In promoting nutrition and health-driven policies, it

will be important to target those most in need, particularly

children and marginalized populations underserved by essential

health services. Furthermore, filling the knowledge gaps

through research, scaling innovation solutions, and promoting

partnerships across health, nutrition, and agriculture will be

important (Fan et al., 2019).

Weak governance, fragile states, extreme climate events,

and conflict can reduce the potential gains from investment

in agricultural R&D (Mason-D’Croz et al., 2019). The

SSPs focus their narratives on long-running trends in the

global economy, which, although helpful for exploring

scenarios around climate change and long-term drivers

in the food system like agricultural R&D, do not include

other drivers that are important to global food security. For

example, extreme social and environmental events, such

as the COVID-19 pandemic and extreme climate shocks,

result in year-to-year variability and alter trajectories, at

least in the short run. Although the projections here do

not assume effective or improved governance, a worsening

of governance and conflict can slow the projected growth

(Mason-D’Croz et al., 2019).
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TABLE 10 Summary of total investment gap estimates to meet global goals from other studies.

Study Goals Estimate (USD) Investments considered

ZEF and FAO (2020) End hunger by 2030 39–50 billion R&D, extension, information systems, small-scale

irrigation in Africa, female literacy, child nutrition,

social protection, crop protection, integrated soil

fertility management, African Continental Free Trade

Agreement, and fertilizer use efficiency

FAO et al. (2015) Adequate income and resources for all

to access food by 2030

265 billion Social protection, pro-poor rural investment, and

public and private investment in productive sectors

Laborde et al. (2016) End hunger by 2030 11 billion Social safety nets, farm support to raise production and

incomes, and rural development to reduce inefficiencies

along the value chain and enhance productivity

Laborde et al. (2020) End hunger and double incomes of

small-scale farmers by 2030 while

maintaining emissions below Paris

Agreement commitments

33 billion Social protection, farmers’ institutions, vocational

training, farm inputs, R&D, improved feed, irrigation

infrastructure, reduction of post-harvest losses, and

support to small- and medium-sized enterprises

Baldos et al. (2020) Offset yield losses projected by climate

and crop models to 2050

187–1,384 billion R&D for climate adaptation

Rosegrant et al. (2017) Increase agricultural productivity and

nearly end hunger by 2030

52 billion R&D, resource management, and infrastructure

(irrigation and rural roads)

The focus of our GHG emissions analysis is on emissions

in agriculture consistent with a sustainable agriculture

intensification trajectory for closing the investment gap. It

does not focus on a food systems trajectory, including changes

in cold storage and diets, emissions from transportation,

downstream processing of food, the manufacture of tractors and

fertilizer, expansion of solar power use in agriculture, or other

relevant inputs. Emissions from these sources are included

by IPCC guidelines in other, non-agricultural sectors such as

transport and energy (Mbow et al., 2019). Land-use change and

deforestation emissions driven by agriculture were accounted

for to the extent that they are generated by the investments

analyzed in this article.

Analysis of potential food security improvements and

GHG emissions reductions from improvement in agricultural

value chains would be a particularly important extension of

this analysis. Innovations and investments in the value chain

would improve the prospects for meeting the SDG2 and Paris

Agreement targets. Infrastructure investments, including in

rural roads, electricity cell phone towers, markets, cold chains,

and processing facilities have important impacts on input and

output markets, reduce marketing margins and post-harvest

losses of food, thereby generating production and income gains

and potentially significantly reducing hunger and reducingGHG

emissions (Rosegrant et al., 2021a). Innovations and investments

in the value chain can make the outputs of agricultural R&D

investments more profitable for farmers and generate higher

social returns to agricultural R&D investments. Expanded

investments in these items will likely require partnerships with

the private sector. Aggregating mechanisms could be put in

place, for example, through cooperatives that can help ensure

that economies of scale for inspection, packaging, food safety

regimes and quality management are achieved competitively.

Such cooperatives can also lower costs for agricultural inputs

such as seeds and chemicals and support microfinance services

(Otsuka et al., 2016). Farmers need timely and reliable

information about markets. In addition to information on

prices, a whole range of business-related information is essential,

such as who the buyers are and what their terms and conditions

for doing business are. Digital information systems linked to

farmer mobile phones can increase access to timely information,

improve links between farmers and processors, and reduce

transport costs, thereby reducing post-harvest losses (USAID,

2018). In addition to market information services, advanced

digital technologies—such as satellite imaging, remote sensing,

and in-field sensors—can support precision farming based on

observation of, and response to, intra-field variations that guide

the efficient application of inputs and improve productivity and

farm income (Aker et al., 2016).

In most analyses of technical options for mitigation that

we draw upon here, some of the options have low or even

negative costs in specific regions. This occurs when the net

revenues associated with an option are positive, indicating

that the practice would be profitable even in the absence of

mitigation incentives such as carbon payments or targeted

subsidies (Beach et al., 2015). It is therefore necessary to also

address potential barriers to be overcome to achieve adoption

options that have low or negative costs, and that also hinder
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adoption of higher-cost options even with mitigation incentives.

These barriers may include institutional problems, lack of

property rights, regulatory and legal issues, farmer risk aversion,

and market failures (Beach et al., 2015). Giller et al. (2009),

for example, point to farm-level constraints to the adoption

of conservation tillage for soil sequestration in Africa. These

can include lower yields in some cases, increased labor and

fertilizer requirements when herbicides are not used, limited

access to external inputs, and a lack of mulch due to both low

productivity and the priority given to feeding livestock with

crop residues.

Constraints can also arise in the implementation of carbon

sequestration programs (Pannell, 2021). With successful soil

sequestration, soil carbon increases to a new equilibrium level

after about 20–30 years and then stops. However, the soil

sequestration methods need to be continued to avoid releasing

the sequestered carbon. Costs continue without new benefits.

Sequestration programs also need to ensure additionality, so

that management options are additional to what farmers

would do anyway. Monitoring and measuring soil carbon

stored in soils is expensive, requiring regular soil testing to

determine that carbon has been sequestered (Pannell, 2021).

Measurement is costlier when it needs to be done for multiple

small farms. Innovations in measurement through advances

in information and communications technologies, including

less-expensive soil testing and remote sensing, could help

reduce the costs. Managing carbon sequestration for groups

of farmers rather than individual farmers could also be

more cost-effective.

Conclusion

This article estimated the investment gap in research and

innovation for sustainable agriculture intensification in the

Global South. Agricultural R&D investments of USD 4 billion

per year have the potential to nearly end hunger by 2030.

Another USD 6.5 billion per year, invested in technical climate-

smart options, can achieve 2030 GHG emission reductions

consistent with the Paris Agreement 2◦C and 1.5◦C pathways.

Therefore, the estimated innovation investment gap to reduce

hunger to 5% globally and reduce GHG emissions to a level

consistent with the Paris pathways is USD 10.5 billion annually.

The USD 4 billion of additional yearly R&D investments

incorporates international public R&D by CGIAR, national

R&D by NARS, advances in research efficiency, and private

agricultural R&D, which together reduce the risk of hunger

below the targeted 5% of the population in EAP, SAS, and LAC—

an impressive achievement in the short time remaining until

2030. These investments in SSA, however, fail to achieve the

SDG2.1 target by 2030 where the share at risk of hunger is

still projected to be nearly 12%, though this is an important

improvement over baseline levels.

The agricultural productivity growth generated, along with

the adoption of technical mitigation options, achieves non-

CO2 GHG emissions savings of 1,010 MtCO2eq/year in 2030, a

reduction in line with agriculture’s contribution to a 2◦C climate

pathway. Technical options and avoided land-use change also

achieve ample CO2 emissions reduction and sequestration,

totaling 1,200 MtCO2eq/year in 2030—far higher than the

estimated 100 MtCO2eq/year needed to support a 2◦C climate

trajectory. These investments do not achieve zero land-use

change from agriculture but do reduce the rate of deforestation

by an average of 925,000 ha/year by 2030.

Along with achieving global goals, the investment scenarios

generate large economic returns. The R&D investment adds

USD 1.7 trillion to the GDP of the Global South in 2030,

and USD 9.1 trillion in 2050. In these countries, investment

raises per capita income by 2% in 2030 and nearly 6% in

2050 relative to business as usual. The highest agricultural R&D

investment scenario reduces food commodity prices by 16%

globally in 2030.

These results show that increased investment in

innovation could have powerful impacts on key sustainable

development and climate goals between now and 2030,

with the potential to bring us within reach of ending

hunger in many parts of the world, achieve globally

significant reductions in GHG emissions, and generate strong

economic benefits for the Global South. Improvements

in supporting policies and investments would further

enhance the impact of the investments and improve the

prospects for meeting global goals in 2030 and beyond.

These enabling conditions include improved value chains,

finance, extension, gender-responsive policies and investments,

social protection, water management, implementation of

carbon payments and smart subsidies, and agroecological and

landscape approaches.

In addition to reforms and investments in these enabling

conditions, the results suggest that more transformational

policies and investments are needed to reverse deforestation and

boost carbon sequestration and mitigation, especially beyond

2030. Greater targeting of agricultural R&D on the development

of climate-smart varieties and breeds, and on lower-cost climate-

smart farming systems and practices, could change the relative

prices, costs, and benefits of different interventions. This,

in turn, could substantially improve climate mitigation by

making the adoption of climate-smart technology cheaper. If

the targeted funding is taken from the existing or projected

investment portfolio, careful monitoring and assessment of the

impact of such a reallocation are needed to determine if there is

a trade-off with the food security target—for example, if newly

developed climate-smart technology reduces yields and farm

profitability. Evaluation of alternative investment portfolios

with prospective transformational technologies and policies

would provide additional insights into the future of sustainable

agriculture intensification.
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