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ABOUT THE STUDY
This study demonstrates that credible climate targets 
require deforestation & conversion free supply 
chains. The study shows how strong deforestation 
and conversion-free policies impact on the future 
GHG emissions of the soy, beef, and palm oil sectors, 
as compared to business as usual and strategies that 
only focus on non-CO2 farm-level emissions.



4

1 Clark, M. A., Domingo, N. G., Colgan, K., Thakrar, S. K., Tilman, D., Lynch, J., ... & Hill, J. D. (2020). Global food system emissions could preclude achieving the 1.5 and 2 C climate 
change targets. Science, 370(6517), 705-708.

1. FOOD SYSTEM EMISSIONS
CLIMATE TARGETS (1.5 OR 2ºC) CANNOT BE MET  
WITHOUT ACTION FROM THE FOOD AND LAND SECTOR.1 

The food system (agriculture, land-use emissions and sequestration, energy, industry and waste) contributes 
approximately 1/3 of global net GHG emissions. 

Emissions from the food system need to decline by about 80% by 2050 to limit warming to 1.5ºC  
(Figure 1, Sources and methods in Annex I).

From production through waste, current food system emissions are about 17 GtCO2e/yr. A 1.5C future 
requires the food system’s emissions to decline to about 3 GtCO2e/yr by 2050.

This 80% absolute decrease in emissions includes the elimination of commodity-driven deforestation. 
Small-scale and subsistence agriculture cause about 1.1-2.2 GtCO2e/yr in emissions,2 which uses the entire 
remaining land-use change ‘budget’.

Food system GHG emissions in 2020, 2030, and 2050 for 2ºC and 
1.5ºC targets. The graph on the left shows the net emissions, 
while that on the right shows the breakdown by category. 

NET FOOD SECTOR EMISSIONS BREAKDOWN OF FOOD SECTOR EMISSIONS
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1. FOOD SYSTEM EMISSIONS
Food system emissions come from three main sources: 
1) non-CO2 emissions from agricultural 
production (e.g., methane from enteric fermentation, 
manure and rice production; nitrous oxide emissions 
from fertilizer and manure; 2) CO2 emissions 
from land-use and land-use change (e.g., 
deforestation for cropland, land degradation); and 
3) supply chain emissions (e.g., energy use, 
transport, industrial processes, packaging, retail, 
consumption, and waste management). According to 
the IPCC, the first two sources are part of net AFOLU 
emissions (agriculture, forestry, and other land-use). 

There is an emerging consensus that the food system 
is responsible for about 1/3 of total greenhouse 

gas emissions, where AFOLU sources make up 
approximately 70% of food system emissions, and 
non-AFOLU sources account for the remaining 
30%.3,4 AFOLU emissions sources include: enteric 
fermentation, manure management, synthetic 
fertilizer application, rice cultivation, changes in 
soil carbon stocks, and conversion between land 
classes (e.g., deforestation, peatland conversion, 
coastal conversion, grassland conversion; af-/
re-forestation). Current (2019) net anthropogenic 
GHG emissions globally total about 59 GtCO2e/yr.4 

Table 1 shows estimates of the food-system GHG 
contribution. Net anthropogenic GHG emissions 
total about 52GtCO2e/yr.2

EMISSIONS CATEGORY POORE & NEMECEK 
(2010; excl. seafood) 5

IPCC AR6 CH 12  
(2018; incl. aquaculture) 4

IPCC AR6 CH 7  
(2010-2019 avg; excl.. 

seafood) 6

CRIPPA ET AL.
(2015; incl. aquaculture,) 3

Agriculture 8.1** 6.3 6.0 ± 1.7* 7.1

Land use 2.6 4.0 5.9 ± 2.7 5.7**

Total AFOLU --- 11.9 ± 4.4

Total on farm 10.7 10.3 --- 12.8

Total food system 13.1 17 --- 18

2 Griscom et al., “Natural Climate Solutions.” Supplementary materials and Global Forest Watch data (2001-2020) on ‘shifting agriculture’ respectively.
3 Crippa et al. (2021) “Food Systems Are Responsible for a Third of Global Anthropogenic GHG Emissions.” Nature. 

4 Babiker, M., G. Berndes, K. Blok, B. Cohen, A. Cowie, O. Geden, V. Ginzburg, A. Leip, P. Smith, M. Sugiyama, F. Yamba, 2022: Cross-sectoral perspectives. In IPCC, 2022: 
Climate Change 2022: Mitigation of Climate Change. Contribution of Working Group III to the Sixth Assessment Report of the Intergovernmental Panel on Climate Change 
[P.R. Shukla, J. Skea, R. Slade, A. Al Khourdajie, R. van Diemen, D. McCollum, M. Pathak, S. Some, P. Vyas, R. Fradera, M. Belkacemi, A. Hasija, G. Lisboa, S. Luz, J. Malley, 
(eds.)]. Cambridge University Press, Cambridge, UK and New York, NY, USA. 
5 Poore and Nemecek, (2018) “Reducing Food’s Environmental Impacts through Producers and Consumers.” Science.
6 IPCC, Climate Change and Land: An IPCC Special Report on Climate Change, Desertification, Land Degradation, Sustainable Land Management, Food Security, and 
Greenhouse Gas Fluxes in Terrestrial Ecosystems.
7 Crippa et al., “Food Systems Are Responsible for a Third of Global Anthropogenic GHG Emissions.”

TABLE 1. GHG totals from the agriculture sector from different models. 

Food system GHG emissions according to different literature sources. All values are in GtCO2e/yr.  
The year indicates the time over which this estimate is meant to be representative. 

* indicates AFOLU only, while other ‘agriculture’ emissions include non-AFOLU sources like tractors  
and electricity use on-farm.

** Includes emissions from degradation of organic soils

FOOD SYSTEM EMISSIONS METHODS 
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Food system emissions for 2020, 2030, and 
2050 in 1.5°C and 2°C are detailed in Table 2. 

We assess GHG emissions trajectories using 
the following IPCC AR6 categories and 
definitions of food system emissions:

1. Agriculture non-CO2 emissions:

Emissions from livestock (enteric fermentation 
and manure), agricultural soils (synthetic fertilizer 
and manure application, and crop residues), 
agricultural biomass burning, and rice cultivation.

2. Land-use change CO2 emissions: 

a. Emissions from ecosystem conversion & 
degradation for food production: Net emissions 
from agriculturally driven land-use change. 
Includes conversion of forests, peatlands, 
coastal areas, and grassland to crop or pasture, 
as well as peat emissions on agricultural 
land, and re-growth on managed lands. 

b. Agricultural sequestration: Carbon 
stock enhancement on agricultural 
lands through agricultural soil carbon 
or vegetation (i.e. agroforestry).

3. Energy, industry and waste emissions: 

Downstream emissions (energy use, transport, 
industrial processes, packaging, retail, consumption, 
and waste management) as well as on-farm emissions 
from fossil fuel sources (e.g., diesel and electricity 
use). Most of these emissions are post-farm-gate 
fossil fuel sources (e.g., diesel and electricity use). 
Most of these emissions are post-farm-gate.

EMISSIONS CATEGORY 2020 2030 2050
2° 1.5° 2° 1.5°

Agriculture non-CO2
7 6.2 5.4 5.6 4.3

Land use from agriculture 4.4 1.0 -0.2 -1.1 -1.7

• Conversion and degradation 4.4 1.8 1.6 1.8 1.1

• Ag. land sequestration. -0.8 -1.8 -2.9 -2.7

Energy, industry, and waste 5.2 5.1 3.2 1.1 0.7 

Total AFOLU (Ag + LUC) 11.4 7.2 5.2 4.4 2.6

TOTAL 16.6 12.3 8.4 5.5 3.4

TABLE 2. Food system GHG emission trajectories for 1.5°C and 2°C, grouped by category.

All units in GtCO2e/yr. Calculation methods for this chart are on the following page.
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TABLE 2 CALCULATION METHODS 

1.Definitions: Agriculture non-CO2 emissions 
include methane (CH4) and nitrous oxide (N2O) 
emissions from agriculture, and Land-use change 
emissions include carbon dioxide (CO2) emissions. 
Total AFOLU emissions account for both agriculture 
non-CO2 and land-use CO2 emissions. 

2. AFOLU Emissions: We use the median values 
from Roe et al. (2019),7 based on the IPCC SR1.5 
IAMC model database to characterize the 2020, 
2030, and 2050 emissions for 2ºC and 1.5ºC 
trajectories. As median values are taken across 
numerous models for each category, total AFOLU 
emissions may not reflect the combined values of 
the agriculture and land-use change categories.

3. Conversion & Degradation: To disaggregate 
conversion emissions from the land-use change 
category (which also includes reforestation and 
afforestation in the future), we use the values from Roe 
et al (2019) based on the SSP database for ‘positive 
CO2 emissions in land use.’ All values from Roe et al 
(2019) are derived from an intermodel comparison 
of integrated assessment models (IAMs). For the 
land-use change and the conversion & degradation 
emissions, we multiplied the values in Roe et al 
(2019) by 88% to only account for emissions from 
agriculture, based on FAO FRA (2020) finding that 
88% of total deforestation was due to agriculture.8 

The original land-use change emissions from 
Roe et al (2019) were 5, 1.1, -0.2, -1.3, and -1.9 
GtCO2e/yr across the table, respectively.

Note that conversion & degradation emissions 
include emissions from both commercial and 
subsistence agriculture. Griscom et al. (2017) estimate 
that subsistence agriculture driven deforestation 
accounts for 1.2 GtCO2e/yr,9 while Global Forest 
Watch data from 2001-2020 produce an average 
of 2.2 GtCO2e/yr due to forest loss from shifting 
agriculture (likely related to subsistence).10 

5. Agricultural land sequestration: Proxy values 
for agricultural land sequestration were calculated 
as the difference between land-use change emissions 
from agriculture and agriculturally driven conversion 
and degradation, which are in-line with estimates 
from agricultural land sequestration values.11  

4. Energy, industry, and waste: For supply-chain 
emissions from energy, industry and waste we used 
estimates from Crippa et al. (2021) for the 2020 value, 
then we assume that the rate of emissions reductions 
for the non-AFOLU emissions (energy, industry and 
waste) in agriculture fall at the same rate as other (non-
AFOLU) sectors, based on 2ºC and 1.5ºC estimates.12

7 Roe et al. (2019) “Contribution of the land sector to a 1.5ºC world” Nature Climate Change. 

8 FAO  Global Forest Resources Assessment (FRA) 2020 https://www.fao.org/forest-resources-assessment/en/. 

9 Griscom et al. (2017) "Natural climate solutions" PNAS.
10 GFW, can be accessed at https://www.wri.org/initiatives/global-forest-watch
11 Frank et al. (2018) "Structural change as a key component for agricultural non-CO2 mitigation efforts." Nature Communications.
12  Rogelj et al. (2018) "Scenarios towards Limiting Global Mean Temperature Increase below 1.5 °C” Nature Climate Change

© Adriano Gambarini / WWF-Brazil
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Estimated contribution of palm oil, soy, and beef  
(cradle-to-retail including agricultural non-CO2,  
LUC, energy, industry and waste emissions) to 
current food system GHG emissions. Emissions 
footprints were taken from Poore & Nemecek 
and multiplied by 2019 (most recent year 
available) production from FAO-STAT. 

2. EMISSIONS FROM  
CATTLE, SOY, AND OIL PALM
THREE COMMODITIES ARE THE MAIN DRIVERS OF GHG EMISSIONS WITHIN  
THE FOOD SECTOR; THESE ARE CATTLE, PALM OIL, AND SOY. THEIR  
LAND-USE EMISSIONS—FROM LARGE-SCALE CONVERSION OF FORESTS AND 
OTHER HABITATS TO CROPLAND OR PASTURE—ARE PARTICULARLY IMPACTFUL. 

Cattle, palm oil, and soy make up about 1/4 of food sector emissions (see below). The conversion of forests and 
other ecosystems for these three commodities are responsible for over approximately 40-50% of agricultural 
land-conversion emissions and about 9-12% of total food systems emissions.

Land conversion for cattle is responsible for about 1/5 of its total footprint,  
17 – 34% of food-system land-use emissions and 4 – 9% of total food system emissions. 

Land conversion for palm oil is responsible for a majority of its total footprint,  
about 8% of food-system land-use emissions and about 2% of total food system emissions.

Land conversion for soy is responsible for a majority of its total footprint, 
between 5 – 14% of food-system land-use emissions and 1 – 3% of total food system emissions.

FOOD SECTOR EMISSIONS
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2. EMISSIONS FROM  
CATTLE, SOY, AND OIL PALM

It is well known that the three focal commodities—
cattle, soy, and oil palm—have historically been and 
continue to be significant drivers of deforestation 
and habitat conversion. In this section, we quantify 
yearly emissions from land-use change (LUC) for 
each commodity. We base these estimates using 
two different datasets and methods: area of forest 
loss replaced by commodities from Global Forest 
Watch and LUC emissions intensities from Poore 
& Nemecek (2018). We provide emission ranges 
according to the estimates from these two datasets. 

Global Forest Watch13 calculated annual forest 
loss due to key agricultural commodities including 
beef, soy, and palm oil for the period 2001-2015 
(see graph below). They define forest as 30% 
cover for pasture and palm oil, and 10% for soy.

To estimate current emissions from forest-
loss, we used the 5-year average value forest 
loss in hectares (ha) for each commodity in 
2011-2015 and multiplied by the average 
carbon loss per hectare of 544 tCO2e/ha.  

The total area of forest loss and consequent land-
use change emissions from palm oil, soy, and cattle 
are outlined in Table 3. Note that these estimates 
exclude ongoing emissions from cultivated 
organic soils, which are significant for palm oil.

13 Goldman, E., M.J. Weisse, N. Harris,  and M. Schneider. 2020. “Estimating the Role of Seven Commodities in Agriculture-Linked Deforestation: Oil Palm, Soy, Cattle, 
Wood Fiber, Cocoa, Coffee, and Rubber.” Technical Note. Washington, DC: World Resources Institute. Available online at: wri.org/publication/estimating-the-role-of-
sevencommodities-in-agriculture-linked-deforestation 
14 544tCO2e/ha from gross emissions per year from commodity driven deforestation divided by ha of deforestation from The Sustainability Consortium, World Resources 
Institute, and University of Maryland. “Tree Cover Loss by Driver.” Accessed through Global Forest Watch on 16/08/2022. www.globalforestwatch.org.

FOREST LOSS OVER TIME

Million ha 
forest loss / yr

GHG total 
conversion 
(GtCO2e/yr)

Palm oil 0.7 0.36 

Soybean 0.4 0.21

Pasture 2.8 1.5

TABLE 3. Forest area lost per  
commodity and associated GHG emissions. 

To calculate the GHG emissions, we  assume  
an average carbon loss of 544tCO2e/ha according  
to Global Forest Watch data.14

EMISSIONS FROM CATTLE, SOY, AND OIL PALM METHODS 
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Commodity emissions 
(conversion only)

% of food-system 
conversion  
emissions

% of total  
food-system 
emissions

Palm oil 8% 2%

Soybean 5 – 14% 1 – 3%

Pasture 17 – 34% 4 – 9%

3 commodity total 40 – 47% 9 – 12%

P&N LUC footprint 
(kgCO2e/kg 
edible)

P&N non-LUC 
foot-print

FAOSTAT Pro-
duction 1000t 
(2019)

Total LUC emis-
sions 2019 
(GtCO2e/yr)

P&N total emissions 
(to retail) 2019 
GtCO2e/yr

Palm oil 3.1 + 1.2* 4.5 74,583 0.32 0.57

Soybean 1.6 1.6 336,329 0.54 1.1

Pasture 9.6 (beef) 33.2 67,915 0.65 2.9

Poore & Nemecek (2018) estimated LUC emissions intensities for various commodities, including oil palm, soy and beef. 
These emissions intensities were based on the PAS-2050 methodology (a process life cycle assessment (LCA) approach), 
which assigns decreases in forest and grassland area to commodities based on their relative rates of areal expansion. 

To estimate the land-use change emissions associated with each of the three commodities, we multiplied 
the LUC emissions intensity per commodity (kgCO2e/kg edible) from Poore & Nemecek by the total 
production in 2019 (most recent year available) in metric tons of that commodity from FAO-STAT (Table 
4). Emissions from beef were weighted according to the dairy and beef herds by volume reported in Poore 
& Nemecek (44% dairy herd; 56% beef herd). Note that this excludes emissions from milk, but given 
that other ruminants also use pasture, this omission ensures the estimate remained conservative.

© Jaime Rojo / WWF-US

TABLE 4. LUC emissions estimate from Poore & Nemecek (P&N) and FAO-STAT data. 

* Note that Poore & Nemecek separated emissions from cultivated organic soils from carbon stock emissions. For palm oil, this adds 
1.2kgCO2e/kg palm oil for a total of 0.1 GtCO2e additional emissions.

We calculated total LUC and food system 
emissions for 2019 using FAO-STAT Food 
Balance Sheet food and loss (to avoid double-
counting feed) multiplied by each corresponding 
categories’ emissions factors. This yielded total 
LUC emissions of 3.8 GtCO2e/yr and total food 
system emissions of 17.4GtCO2e/yr. The LUC 
emissions include emissions from organic soils.

Total contribution: Palm oil’s emissions from 
conversion ranged from 0.32-0.36 GtCO2e/
yr; soya 0.26-0.54 GtCO2e/yr; and cattle 0.7-
1.5 GtCO2e/yr across the two methodologies. 

For percentage calculations (Annex Table 5), 
the LUC associated with each commodity for 
Poore & Nemecek (Annex Table 4) was divided 
by the LUC and food system totals determined 
for that dataset (3.8 and 17.4 GtCO2e/yr). For 
the GFW data, we divided the LUC associated 
with each commodity (Table 3) with the total 
emissions from agriculture-related land-use and 
land-use change and total food system emissions 
from Table 2 (4.4GtCO2e/yr and 16.6 GtCO2e/
yr), as GFW does not estimate these totals. 

Contributions of the 3 commodities’ LUC 
footprints to the total food system were also 
calculated for each dataset. The total LUC 
emissions for each commodity derived from 
Poore & Nemecek was 1.5GtCO2e/yr (out of 
3.8GtCO2e/yr total food system LUC emissions) 
and from GFW data 2.1 GtCO2e/yr (out of 
4.4GtCO2e/yr total food system LUC emissions).

TABLE 5. Percentage contribution of each commodity to  
food system conversion & food system total emissions. 
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GHG intensity targets for palm oil, soy, and beef for a 1.5ºC future. 

3. COMMODITY  
INTENSITY TARGETS
TO MEET GLOBAL EMISSIONS TARGETS FOR A LIVABLE CLIMATE, TOTAL 
EMISSIONS FROM THESE COMMODITIES NEED TO DECREASE DRAMATICALLY. 

Overall production of food will increase to meet demand for a growing population. Although measures that 
shift to more sustainable and healthy diets can reduce the demand growth, emissions intensities will still 
need to decrease to maintain the GHG budget consistent with a 1.5ºC future (see below). Emissions intensity 
reductions (emissions per unit of product relative to current production) for beef, palm oil and soy reflect 
decreases in agricultural non-CO2 emissions, land-use emissions, and sequestration of carbon in agricultural 
landscapes. Each commodity’s reduction target is different due to differences in sources of agricultural non-
CO2 emissions and sequestration potential.

These emission intensity reduction targets require that commodity-related land conversion decreases 
consistently until it is eliminated in 2030.

These intensity targets represent a maximum emissions intensities for these commodities; if production 
increases more than projected, these targets would need to further decrease to keep the total GHG budget 
aligned with a 1.5 degree future.

PALM OIL GHG INTENSITY SOY GHG INTENSITY BEEF GHG INTENSITY
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The previous sections calculate the important 
role of the food sector to climate goals and of 
cattle, soya, and palm oil as critical contributors 
to the food sector’s overall footprint. However, 
this doesn’t tell us how much these commodities’ 
emissions intensities need to decrease over 
time in order to contribute to a 1.5°C future.

FLAG-SBTI MODEL 
Climate models can provide a total “budget” of 
different greenhouse gas emissions over time that 
limits temperature increase. Which sectors emit 
those gasses in what time-periods within that 
budget is much more complicated. Typically, we use 
integrated assessment models that couple human 
processes like socio-economic growth with greenhouse 
gas emissions. These models link complicated, 
interrelated processes like human population growth, 
increasing affluence, international trade dynamics, 
dietary change, etc. with their climate impacts.

The SBTi methodology for the forest, land, and 
agriculture sector (SBTi-FLAG) established 
1.5°C-aligned emission reduction targets for specific 
commodities using a combination of the IMAGE 3.0 
model and total necessary mitigation from Roe et 
al. 2019 across various mitigation activities.15  These 
commodity targets establish emissions intensities 
for each commodity by region for each year from 
2005 through 2050. The intensities for the future 
are considered ‘targets’ because they correspond 
to a total budget less than 3.7GtCO2e across all the 
considered commodities, which is consistent with Roe 
et al.’s 1.5° food-system budget for the land-sector. 

Each emissions intensity has three components: 
land-use change emissions, on-farm (non-
LUC) emissions, and agricultural sequestration. 
Up through 2022, agricultural sequestration 
is assumed to be 0, so the sequestration 
component is only relevant for the targets.

15 See https://sciencebasedtargets.org/sectors/forest-land-and-agriculture for further explanation of methodology.
16 The list of countries in each region is defined within the IMAGE model: https://models.pbl.nl/image/index.php/Region_classification_map 

The SBTi-FLAG model considers 26 regions 
consisting of both individual countries (e.g., 
USA, India, Japan, Brazil) and larger areas 
(e.g., Oceania, Rest of South America),16 and the 
following commodities: beef, chicken meat, pork, 
dairy (milk), wheat, soya, maize, rice, palm oil. 

The data for this analysis were:

dry-matter production in Mt dry matter/ 
yr (by region, commodity, time)

on-farm GHG intensity in kgCO2e/kg fresh 
weight (by region, commodity, time)

regional LUC intensity in tCO2e/t fresh 
weight (by region, commodity) for 2015

regional yield in m2/kg product 
(by region, commodity)

dry matter to fresh weight 
conversion (by commodity)

total removals from ag. sequestration (by year)

The fresh weight is carcass weight for the 3 
meats; liquid milk for milk; fresh weight for 
the grains; and palm oil for palm oil.

COMMODITY INTENSITY TARGET METHODS 
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Caused 
emissions

Allocated 
reduction

2015 100% 0%

2016 95% 0%

2017 90% 0%

2018 85% 1%

2019 80% 2%

2020 75% 3%

2021 68% 4%

2022 60% 5%

2023 53% 7%

2024 45% 10%

2025 38% 13%

2026 30% 16%

2027 23% 19%

2028 15% 23%

2029 8% 27%

2030 0% 32%

2031 0% 37%

2032 0% 42%

2033 0% 47%

2034 0% 52%

2035 0% 57%

2036 0% 62%

2037 0% 67%

2038 0% 71%

2039 0% 75%

2040 0% 79%

2041 0% 83%

2042 0% 87%

2043 0% 90%

2044 0% 92%

2045 0% 94%

2046 0% 96%

2047 0% 98%

2048 0% 99%

2049 0% 100%

2050 0% 100%

TABLE 6. Modeled deforestation  
decrease and yearly emissions allocation. 

FLAG-SBTI MODEL: TARGET CALCULATION
The target for each commodity (by region, and year) 
is the sum of the on farm intensity, regional land-use 
change intensity decremented by 7% by year since 
2018 (using linearly declining amortization), and the 
areal-weighted agricultural soil carbon sequestration. 
Each component is described in more detail below.  

On-farm intensity: the on-farm intensity 
is simply the intensity in kgCO2e/kg fresh 
weight. These are region specific and decline 
over time, reflecting necessary improvements 
in non-CO2 agricultural emissions. 

LUC intensity: the LUC intensity uses region specific 
LUC intensities for 2015 multiplied by (100 - allocated 
reduction)/100. Annex Table 6 shows how this 
decrease is modeled over time, and how the reduced 
emissions from deforestation are allocated across years. 

Removal intensity: removals are calculated per 
area using a “linear removal pathway” (GtCO2e/
yr) divided a global 3269 million ha of cropland 
to give the total removals in tCO2e/ha. This value 
is then divided by the yield (in tonnes fresh-
weight per ha) for each crop (Table 7 shows the 
global yields). The yields are region specific.

Total intensity is then on-farm intensity plus 
LUC intensity and minus removal intensity. 
These intensities are region specific.

GLOBAL YIELDS PER COMMODITY

Yield (tFW/ha)
Beef 0.147

Dairy 0.991

Pork 0.577

Chicken 0.501

Rice 4.772

Wheat 3.429

Maize 5.929

Palm Oil 13.2 (corrected to 13.2/5.717)

Soya 2.335

TABLE 7. Global yields per commodity in  
fresh weight (FW) as specified per commodity.  

17 From FAO-STAT average 2015-2019 ratio between oil palm fruit and palm oil;  
this ratio is used to convert between yield for oil palm fruit (13.2t/ha) and for palm oil.
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Illustration of cut-off  
and target dates on commodity 
emissions intensities. 

4. COMMODITY  
ACTION SCENARIOS
IN ORDER TO DRAMATICALLY DECREASE GHG EMISSIONS & MEET 1.5°C-ALIGNED 
TARGETS FOR COMMODITY PRODUCTION, COMPANIES WILL NEED TO 
ELIMINATE DEFORESTATION AND CONVERSION FROM THEIR SUPPLY CHAINS; 
THIS IS AN URGENT AND CRITICAL STEP TO REACH CLIMATE TARGETS. 

Reducing agricultural non-CO2 emission only leaves commodity emissions far above the 1.5ºC-
aligned target (figures opposite). Ignoring land-use change emissions would exceed 1.5ºC targets by 3 
GtCO2e in 2030 and over 30 GtCO2e by 2050 for beef, 1.3 GtCO2e in 2030 and 5.2 GtCO2e in 2050 
for palm oil, and 2 GtCO2e in 2030 and 15 GtCO2e in 2050 for soy. Each year the targets are exceeded, 
we hamper our ability to keep total atmospheric GHG levels low enough for a 1.5ºC future. 

Eliminating deforestation and conversion from supply chains requires both cut-off & target dates. 
A cut-off date defines what deforestation & conversion are for a supply-chain; anything converted 
after that date is ‘deforested’ or ‘converted.’ A target date is the date by which the whole supply-
chain is free of deforestation and conversion, using the definition created by the cut-off date.

Without a cut-off date, carbon emissions follow the magenta line in the figures (below), Acceptable dates for 
LUC are a shifting target, so the purchaser does not accrue any benefit from avoiding recent deforestation.

Until the cut-off date, emissions follow the BAU line (red) in figures. From the cut-off through 
target date (assuming linear achievement), the emissions from LUC decrease (green line).

BEEF GHG INTENSITY: WORLD
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Three action scenarios (Business-as-usual, on-farm emission reductions only,  
eliminate land-use change emissions only) compared to the 1.5ºC-aligned target intensity.

TO THIS END, 2020  
CUT-OFF AND 2025 
TARGET DATES 
KEEP 1.5ºC TARGETS 
WITHIN REACH.

Business as usual

Agricultural non-CO2  
emissions reductions only

Eliminate land-use  
change emissions only

1.5ºC target intensity

SOY GHG INTENSITY

PALM OIL GHG INTENSITY

BEEF GHG INTENSITY
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We modeled 3 action scenarios to compare against the commodity intensity targets from Section 3.  
For each scenario, multiple datasets were used, which are detailed in Section 7.  
The scenarios considered were: business as usual, on-farm agricultural action only, and LUC action only.

4.1 BUSINESS-AS-USUAL
The first scenario is business-as-usual (BAU). 
BAU emission intensities were assumed to 
be the ‘initial’ (or 2015) emissions intensity 
for on-farm and LUC emissions; we assumed 
no removals occurred at this time. This 
emissions intensity stays constant over 
time. Note that this actually reflects an 
increase in total emissions, as the amount of 
production increases for these products..

4.2 NON-LUC AGRICULTURE ONLY
For this scenario, we assume that only 
on-farm emissions are mitigated.

For the FLAG (target) model, this means that the 
initial LUC intensity and zero removals are added to 
the on-farm intensity (which declines over time).

For non-FLAG models, which do not have intensity 
trends over time, we applied the default 3.5% per 
year (relative to start date) rate of decrease for 
the science-based targets initiative draft sector 
guidance to the on-farm emissions intensities; 
this was chosen as an ambitious, but reasonable 
per year decrease in intensity. Emissions were not 
allowed to decline below zero. For beef, only the 
FLAG model was used, as residual emissions from 
manure and enteric methane are significant.

© Michel Gunther / WWF

COMMODITY ACTION SCENARIOS METHODS 



17

Where the emissions factor (EF) at a time is the 
weighted average of the amount of product produced 
on converted land (PLUC) and amount on non-converted 
land (Pall-PLUC). The emissions from the former 
category is the (very high) emissions from conversion 
(EFLUC) plus those from on-farm emissions (EFfarm).

We assume the LUC footprint for any product 
purchased compliant with the cut-off date has a 
LUC footprint of 0. Because our business-as-usual 
conversion assumes that conversions continues at the 
same rate moving forward over time (i.e., an equal 
amount of new conversion occurs each year), this 
means that the purchaser is avoiding crops produced 
on land converted in that year. Because there is a 20 
year rolling window in accounting for land-conversion, 
this amounts to avoiding 1/20th of the total conversion 
‘contaminated’ crop. Our new emissions factor is thus:

That is, the LUC component is reduced by 1/20th. This 
1/20th reduction occurs for every additional year past 
the cut-off date (i.e., the next year would be 18/20).

4.3 LUC ONLY
For this scenario, we assume that only 
LUC emissions are mitigated. We model 
this using a cut-off and target date. 

Following the Accountability Framework (https://
accountability-framework.org/operational-guidance/
cutoff-dates/), the cut-off date represents the 
date after which habitat conversion is considered 
out-of-compliance. The target date is the date by 
which the company has 100% compliance with 
their sourcing compliant to that cut-off date. 
For these calculations, the cut-off year assumes 
that January 1 of that year is the cut-off (so any 
conversion within that year is not allowed).

The BAU LUC emissions intensity is as follows:
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Different cut-off and target-dates:

However, a target date farther forward than the 
cut-off means that some product is purchased that 
is not compliant with that cut-off date. That is, the 
purchaser is avoiding less than 1/20th each year.

We assume for this model that the purchaser linearly 
achieves compliance between the cut-off and target 
date. So, if the cut-off is 2020 and target is year 
2025, in 2020, 20% of the product is complies with 
the cut-off; in 2021, 40%, 2022 60%, 2023, 80%, 
and 2024 100%. We can readily see that this simply 
modifies the LUC component of the previous equation 
by multiplying by the percentage compliant. 

Overall, the equation for the emissions factor is below; 
the max/min functions ensure that once the supply-
chain is fully compliant, LUC emissions are 0:

© Adriano Gambarini / WWF-Brazil
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4.4 DEBT CALCULATIONS
Emissions intensities in excess of the target 
accumulate over time. The total amount of 
excess GHG emissions are a product of the 
amount of excess intensity and the amount of 
the commodity that exceeds that intensity. For 
each scenario from Annex V, we calculate how 
the cumulative ‘debt’ from now until 2030 and 
until 2050 from following that action scenario.

To do this, we consider each year how far the 
emissions intensity is from the target (see Annex 
Figure 2; black arrows show 2023, 2024, and 2025 
differences between ‘ag only’ intervention and the 
target). We also get the projected total production for 

Illustration of debt calculation for global soy intensity. The red line shows BAU scenario; 
orange on-farm mitigation only; green LUC mitigation only; and blue the target.

SOYA GHG INTENSITY: WORLD

where EFi,t is the emissions intensity from dataset i in year t, EFtarget,t is the target intensity for year t, and 
pj is the production amount. For all 3 commodities, j was both the extrapolated FAO-STAT and IMAGE 
3.0 values. For the emissions intensity datasets, the set varied by commodity. For soy it included FLAG, 
GFLI, GFW, and Poore & Nemecek (P&N); for palm oil it was FLAG, GFW, and P&N (GFLI only has 
regional data for SE Asia); for beef it was only the FLAG analysis because the on-farm only scenario does 
not make sense for time-static data for ruminants (as mentioned earlier). Overall, the differences in 
emissions factors across datasets was much larger than differences driven by production amounts.

each commodity for the year; the production numbers 
from the IMAGE 3.0 model and linearly extrapolated 
(from 2010-2020) from FAO-STAT were used. Each 
year’s intensity gap is multiplied by that year’s total 
production (in kg fresh weight). This gives us the total 
kgCO2e we exceeded the target budget for that year. 
We can sum across these years to get the total debt 
over a period (e.g., from 2022 to 2030 or to 2050).

This debt (dt) was calculated for each combination 
of production values (IMAGE 3.0 & FAO-STAT) 
and the available emissions factor data at the 
global level. The median of debt was taken across 
the combination of dataset x production values.
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Palm oil Soybean Beef 

Number of times higher GHG footprint for deforested  
product vs. deforestation-and-conversion free product

6x 13x 11x

% of current production on land converted 
with 20-yr amortization period 

50% 8% 2%

5. PREVALENCE & GHG IMPACT
OF CONVERSION IN
COMMODITY SUPPLY CHAINS
INCREMENTAL CHANGE WILL NOT SUFFICE; 
SUPPLY-CHAIN TRANSFORMATION IS NEEDED. 

The amount of commodity supply contaminated by deforestation & conversion is 
large (Table 1). Each company needs to avoid supply contamination, especially as new 
deforestation and conversion is occurring and ‘re-contaminating’ supply.

The push for deforestation and conversion free commodities cannot come from one commodity alone, 
as changes in agricultural landscapes & markets propagate. For example, some parcels of land may 
successively produce different crops or animals in the years after conversion, and economic pressures from 
changed cultivation in one region could lead to conversion in another region (indirect land-use change). 

Offsets from avoided deforestation and certificates from deforestation-free products double-count emissions 
from land-use change. As GHG accounting emissions factors already reflect the proportion of product that is 
deforestation and conversion free, when companies buy offsets or certificates, they are getting ‘credit’ without 
ensuring others’ accounting reflects that they are buying a proportionally more deforestation-and-conversion 
heavy product. This is similar to the “corresponding adjustment” concept for carbon credits internationally; 
here, there is no adjustment of the footprint when the certified lower footprint product is removed.

Deforestation and conversion contaminated product have a disproportionate effect on GHG 
footprints (Table 1) and mitigation strategies must focus on bringing total levels of conversion 
down by reliably tracing that purchases are not contributing to ongoing conversion.

GHG footprint increase from a commodity produced on  
deforested/converted land within the past 20 years, and 
percentage of current production area affected by conversion.
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Greenhouse gas accounting uses a 20-year 
amortization for land-use change, which means that 
for a company sourcing a product that was produced 
on land within a 20-year look-back, there will be 
a contribution from LUC. Thus, the proportion of 
product that is contaminated by conversion is often 
a significant proportion of total production.  

For these three commodities, the amount of current 
production area that has been deforested within 
the last 20 years ranges from 2-50% (Table 8).

Using the GFW data described in Section 2, we 
calculated the total area of forest loss due to that 

Mha forest loss  
(2001-2020)

Total area harvested per commodity 
(Mha/yr; 2018-2020 avg)

Percentage current area  
con-taminated by deforestation

Palm oil 14 28 50%

Soybean 10 124 8%

Beef 59 3337 2%

TABLE 8. Cumulative forest loss over 20 years compared to current annual  
production area for commodities to determine percent of area contaminated by forest loss.  

commodity by summing from 2001-2020 (2016-
2020 extrapolated from previous 5 years). The 
current area (avg. 2018-2020; most recent data 
available) in production for each product was taken 
from FAO-STAT. For pasture, we used FAO-STAT 
land-use “Land under permanent meadows and 
pasture” and “Land under temporary meadows and 
pasture” in lieu of area harvested. The percentage 
of current production area contaminated by 
deforestation is simply the cumulative forest 
loss divided by the total harvest area. Note that 
this estimate is a lower bound estimate of land-
clearing for each commodity (i.e., as it excludes 
conversion of grasslands and other habitats).

PREVALENCE & GHG IMPACT OF CONVERSION  
IN COMMODITY SUPPLY CHAINS METHODS 

PERCENT OF PRODUCTION ON  
RECENTLY CLEARED LANDS

Typically the footprint of deforestation averages across production that weights the 
emissions from deforestation by its incidence across a region (or globe). Here, we calculate 
the footprint of a ‘typical’ product if it is produced entirely on deforested land. 
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Yield  
(t commodity /ha/yr)

Areal GHG loss 
(tCO2e/ha/yr)

Deforestation footprint 
(kgCO2e/kg)

Palm oil 14.6/5.7 = 2.6 27.2 10.6

Soybean 2.8 27.2 9.7

Pasture 0.08 27.2 340

FOOTPRINT FROM DEFORESTATION
Companies often get information on typical emissions intensities for products sourced from a 
country or continent. These estimates have already averaged the contribution of conversion across all 
production – including the large percentage of the product produced on land that was not converted. 
To illustrate the contribution of land-use change to the product’s GHG footprint, we calculate how a 
typical farm-gate footprint would be increased if it was produced entirely on converted habitat. 

Typical GHG farm-gate footprints without LUC were directly taken from Poore & Nemecek’s meta-analysis. 
To calculate the typical LUC footprint for a commodity entirely produced on deforested land, the typical land-
occupation was multiplied by the amortized GHG footprint of converting that land. Table 9 shows the yield 
(inverse of land-occupation), areal GHG footprint, and total deforestation footprint for each commodity.

To contextualize this footprint, we calculated how many times higher than a deforestation-and-conversion 
free (DCF) on-farm footprint the values from Table 9 would be. Table 10 shows the emissions intensities 
for a typical DCF product and how many times higher deforestation drives the footprint.

TABLE 9. Deforestation footprint calculation.
Yield (inverse of land occupation) for oil palm fruit and soybeans from FAO-STAT, average global value 2016-2020.  
Oil palm fruit was converted to palm oil using a factor of 5.7, calculated from FAO-STAT by the ratio of oil palm  
fruit and palm oil produced during the same time. Beef yield was taken from Poore & Nemecek; land-use (weighted  
across beef and dairy herd) was 120m^2/kg or 83kg/ha. Areal GHG losses used Global Forest Watch GHG losses  
(544tCO2e/ha average 2001-2020) divided by 20yr to amortize. The total deforestation footprint is the areal GHG loss  
divided by the yield. This deforestation footprint is for a typically yielding product produced entirely on deforested land.

Million ha forest loss 
(2001-2020)

Total area harvested 
(million ha; 2018-2020 avg)

Percentage current area 
contaminated by deforestation

Palm oil 14 28 50%

Soybean 9.5 124 8%

Pasture 60 3337 2%

TABLE 10. Typical farm footprint (without LUC) as compared to footprint with deforestation.
The typical farm-gate emissions intensities are taken from Poore & Nemecek. Soy emissions were converted from soy oil using a 
conversion factor of 1.9 (columns EM & EN). We use the emissions intensity from Poore & Nemecek excluding land-use change as the 
“typical farm-gate” footprint. The farm footprint with LUC is the sum of the deforestation-and-conversion free (DCF) footprint in the first 
column plus the deforestation footprint from Annex Table 9. The number of times higher is the latter divided by the former. 
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6. DATASETS
To create robust scenarios for the implications of 
different climate intervention, we also compiled 
emissions intensities from other datasets to 
compare how attainable the emissions targets 
are with these interventions. Below we describe 
these datasets and how they were processed to 
ensure alignment with the targets in terms of 
product unit, geography, and impact area.

6.1 PRE-PROCESSING OF DATA
Countries were tagged with both their short name, 
FAO code, and ISO2 code for cross-referencing 
with other data-sets.18  An overarching, global 
category was also used which consists of all 
countries listed. All data-sets were imported 
and data grouped into these same regions. 

18 Country code and name translations used: https://drive.google.com/file/d/1UjId9Efq3BtlrnhAKjjvhAWNs9H8me3c/view?usp=sharing

6.2 EMISSIONS FACTORS
We considered multiple sources of emissions 
factors for the above commodities. 
Emissions factors were all to farm-gate and 
disaggregated between land-use change and 
non-land-use-change (on farm) emissions.

The coverage across commodities and 
whether they included both on-farm and 
LUC  emissions are shown in Table 11. 
While across these datasets, most regions 
were covered, where data was not available 
for a region, it was left un-estimated.

ON-FARM LUC

TABLE 11. Emissions dataset coverage. 
FLAG refers to the FLAG-SBTi model; P&N the Poore & Nemecek meta-analysis; AFLUC the AgriFootprint  
LUC dataset for 2022; GLEAM the Global Livestock Environmental Assessment Model (FAO) for 2010;  
GFW the Global Forest Watch commodity deforestation data (disaggregated by country); and GFLI the Global  
Feed Life-cycle Inventory emissions dataset ** Includes emissions from degradation of organic soils

BEEF CHICKEN PORK MILK MAIZE SOY RICE WHEAT PALM OIL

FLAG

P&N

AFLUC

GLEAM

GFW

GFLI

Details on the each dataset and its treatment in this analysis are further explained below. The calculations for 
each are to ensure the unit matches those in the target model and that the scope (i.e., to farm gate) also matches. 
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POORE & NEMECEK META-ANALYSIS
Poore & Nemecek published a meta-analysis of the 
environmental impacts of food production from life-
cycle assessments. This analysis uses the full excel 
model behind that paper.19 The following was used 
to harmonize the categories and functional units 
from this paper with those in the FLAG model: 

The Poore & Nemecek dataset specifies country 
of the study, the weight (of global production that 
is represented by that study), and greenhouse 
gas intensity by stage of production. 

For the LUC intensity: for studies, j, which 
pertain to the product of interest and are 
from a country in a particular FLAG region, 
the LUC intensity was calculated as

FLAG Product Name (P&N) Correction factor 

Beef Beef 1.29

Chicken Chicken 1.35

Pork Pork 1.4

Milk Cow’s milk 1

Maize Maize (flour) 1.37

Soy
Soybeans (soy 
oil)

1.9

Rice Rice 1.64

Wheat Wheat 0.96

Palm oil Palm oil 1

TABLE 12. Name of Poore & Nemecek food product used 
to correspond to FLAG products, and the correction factor 
to convert between the edible functional unit and the FLAG 
fresh weight unit (FLAG x CF = P&N; columns EM and EN). For 
meats, this was to hot-standard carcass weight; for rice was to 
fresh paddy. Otherwise it was to fresh weight of the crop.

19 Poore, J. 2017. “Full Excel Model: Life-Cycle Environmental Impacts of Food Drink Products.” University of Oxford.

Where CF is the correction factor (Table 12); 
LUCBj is the “GHG LUC Burn” for the relevant 
study and LUCSj is the “GHG LUC C Stock” for 
that study, and wj is the weight for that study. 
Together LUCBj+LUCSj, represents the greenhouse 
gas emissions from burning (for land-clearing 
or residue), land-use change (deforestation and 
conversion, following PAS2050-1 methodology), or 
soil carbon stocks from land-clearing and cultivation. 
The weighting ensures that within the region, more 
representative studies carry higher weight.

For the on farm, non-LUC intensity: the same 
weighted average calculation is performed, but 
instead of LUCB and LUCS, the ‘GHGFeed’ and 
‘GHGFarm’ categories are used. These represent 
that non-LUC emissions arising from the cultivation 
of feed and from on farm activities including input 
production; direct and indirect N2O emissions; 
methane from manure management, pond surfaces, 
and enteric fermentation; and farm machinery use. 

When added together, the LUC and non-LUC intensity 
gives the total intensity for that product to farm gate.
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GLOBAL FOREST WATCH (GFW)
The World Resource Institute uses satellite imagery 
to track deforestation and what crops (or pasture) 
replaced that deforestation. For 2001-2015 (most 
recent year available due to the multi-year post 
conversion analyses conducted), WRI kindly 
provided the area (in ha) of deforestation for 
cattle pasture, soy, and palm oil disaggregated by 
country. The definition of forest was 30% cover 
for pasture and palm oil, but 10% for soy.20

Given the larger extent of deforestation for beef 
than for dairy, deforestation emissions from 
pasture were assigned exclusively to beef.

Given the larger extent of deforestation for beef 
than for dairy, deforestation emissions from 
pasture were assigned exclusively to beef.

To calculate a LUC emissions factor for each 
food-region combination, for a given food, the 
deforested area for all countries in that region 
were added across all 15 available years. This total 
deforested area was multiplied by 544tCO2e/
ha (average carbon content of commodity driven 
deforestation published by Global Forest Watch 
for 2001-2020) and divided by 15 to get a yearly 
total. Assuming roughly equal rates of deforestation 
over the past 20 years (and specifically for the 7 
most recent ‘missing’ years), this is equivalent 
to the 20-yr amortized LUC emissions.

Finally, to get an intensity, the earlier value (which 
gives tCO2e/yr total from a particular region’s 
deforestation due to that food) is divided by the 
average production of the food in that region 
between 2016-2020 (most recent 5 years available).

Note that these emissions intensities are likely an 
underestimation of total LUC emission for that 
crop for 2 critical reasons: (1) this includes only 
deforestation, not conversion of other habitats, and 
(2) this is a bottom-up estimate based on satellite 
imagery that will not include indirect LUC that 
occurs through other crops or cropland that was 
cleared but did not ultimately end up in production.

20 Goldman, E., M.J. Weisse, N. Harris,  and M. Schneider. 2020. “Estimating the Role of Seven Commodities in Agriculture-Linked Deforestation: Oil Palm, Soy, 
Cattle, Wood Fiber, Cocoa, Coffee, and Rubber.” Technical Note. Washington, DC: World Resources Institute. Available online at: wri.org/publication/estimating-the-
role-of-sevencommodities-in-agriculture-linked-deforestation.

GLEAM
The Global Livestock Environmental Assessment 
Model is produced by the FAO based on the Gridded 
Livestock of the World data. The most recent model 
is for 2010. This model provides emissions intensities 
for sub-continents; each of the 26 FLAG regions was 
assigned to the relevant GLEAM region. Note that some 
FLAG regions will be the same (e.g., Canada, USA, and 
Mexico all are assigned the ‘North America’ emissions 
factor from GLEAM). Table 13 details conversions 
used to harmonize GLEAM emissions intensities to the 
fresh-weight functional unit used by the target model.

GLEAM specifies emissions intensities from 
production and LUC, but only from soy & 
palm in some parts of Latin America (for feed) 
and from pasture expansion; LUC emissions 
intensities are thus a strong underestimate.

Emissions intensities for the livestock do also 
include on farm electricity and some transport; 
these emissions are small. Emissions intensities 
from GLEAM are in kgCO2e/kg protein, so these 
intensities were multiplied by the bone-free-meat 
to carcass ratio and edible meat protein ratio .

FLAG 
Product

Name in 
GLEAM

Bone-free-
meat: 
carcass ratio

Protein: edible 
meat ratio

Beef Cattle 
meat 0.75 0.2113

Chicken Chicken 
meat 0.75 0.19

Pork Pigs  
meat 0.65 0.2020

Milk Cattle milk 0.04

TABLE 13. Conversion factors used to convert the 
emissions intensities from GLEAM, which are kgCO2e/kg 
protein to carcass weight or milk. Milk’s ratio  
was calculated using FAO-STAT 2019 70.76kg  
milk/cap/yr & 8.6 g protein (from milk) / cap / day.
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AGRIFOOTPRINT LUC
The AgriFootprint LUC calculator calculates the 
LUC footprint for crops using the PAS2050-1 
methodology. The 2021 version of the tool was 
licensed from Blonk Consultants. The tool gives 
LUC footprints in tCO2e/ha/yr for the crop. 
To convert this to an intensity, the FAO.

GFLI
The Global Feed LCA Institute maintains a database 
of emissions factors for common animal feed 
ingredients.21 The GFLI data contains data that are ‘at 
farm’ and ‘at plant’; the ‘at farm’ boundary was used 
for the feed crops included here. Note that oil palm 
fruit bunches were used to avoid the post-farm gate 
emissions from crushing and degradation of palm oil 
mill effluent, which are significant; a conversion was 
applied from the fresh fruit to palm oil based on mass. 

The emissions factor for LUC was calculated as 
the difference for each entry as the difference 
between the footprint with LUC and that without. 

For each region-crop combination, the straight 
average emissions factor was taken across all 
relevant entries multiplied by the correction factor 
and divided by 1000 to convert the units from 
kgCO2e/tonne product to kgCO2e/kg product.

FLAG  
Product Name(s) Correction 

factor(s)

Maize
‘Maize, at farm’
‘Maize, dried, at farm’
‘Maize, production mix, at farm’

1
1.14
1

Soy ‘Soybean, at farm’
‘Soybean, production mix, at farm’ 1

Rice ‘Rice, at farm’
‘Rice, production mix, at farm’ 1

Wheat

‘Wheat grain, dried, at farm’ 
‘Wheat grain, winter, dried, at farm’
‘Wheat grain, spring, dried, at farm’
‘Wheat grain, production mix, at farm’

1.14
1.14
1.14
1

Palm oil ‘Oil palm fruit bunch, at farm’ 5.7

TABLE 14. Name of the GFLI food product used to 
correspond to FLAG products, and the correction factor 
to convert between the functional unit and the FLAG 
fresh weight unit. Correction factors for dry to fresh 
weight are taken from the FLAG-SBTi model, excepting 
for palm oil where the FAO global average for 2018 
production of oil palm fruit divided by palm oil was used.

21 Available for download at: https://globalfeedlca.org/gfli-database/
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