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Summary

This study is an attributional cradle-to-gate assessment of the climate impact
associated with vegetable oils contained in the used cooking oil (UCO) in the
feedstock for biofuel production in the US. It quantifies the greenhouse gas
emissions of the primary production of a mix of soybean oil, canola oil, palm oil
and sunflower oil. Regional differences in the production were considered by
applying region-specific datasets where available and proxy datasets where

necessary.

Life cycle inventory data were primarily sourced from the Agri-footprint database
developed by Blonk Consultants and processed using the Brightway framework.
The Environmental Footprint (EF) method was applied to assess climate change
impacts. The results enable the application of alternative allocation approaches in
which emissions associated with primary vegetable oil production is attributed to
biomass-based diesel produced from UCO. The upstream emissions associated
with vegetable oil production were subsequently converted to fuel-energy-based
emission factors for biodiesel (fatty acid methyl ester; FAME) and renewable diesel
(RD/HVO) using fuel-specific feedstock conversion factors and lower heating

values.
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1 Background

The study is situated within an evolving policy context in which different
regulatory frameworks for biofuels in North America apply varying methods for
quantifying the climate impact of the fuel. The use of waste-derived feedstocks
such as used cooking oil (UCO) is modelled with a cut-off approach, which means
that no upstream burdens from the original vegetable oil production are accounted

for in the calculations.

This has implications for how different feedstocks are represented in climate
assessments. For example, vegetable oils such as palm oil are subject to
sustainability concerns related to land use change and biodiversity impacts, but
UCO is treated as a burden-free waste stream. By explicitly modelling upstream
emissions, this study allows for applying alternative allocation approaches, which
provides a complementary perspective that captures the potential contribution of
original feedstock production to the overall carbon footprint of UCO-derived

biofuels.

The study further derives fuel-energy-based emission factors for biodiesel (fatty
acid methyl ester; FAME) and renewable diesel (RD/HVO) from the upstream

emissions associated with vegetable o0il production.

This document was prepared as supporting documentation for a forthcoming
scientific publication by Tomas Ekvall on the accounting of recycled cooking oil in
biofuel production. It includes methodological details, data sources, and modelling

assumptions underpinning the analysis.

2 Goal and Scope

In this chapter, the goal and scope of this carbon footprint report is defined and
explained. It is in this part of the report where the primary objectives of the study
are listed and where the scope of the project is described. The goal and scope
should act as guidelines to perform the assessment as well as helping the reader of
the report to understand key assumptions, system boundaries, limitations and
other aspects influencing the results. Another important element of the goal and

scope is the definition of the functional unit or (in this case) the reference unit,
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which is the reference unit by which the inputs and outputs of the carbon footprint

report is scaled.

2.1 Goal

The goal of this study is to quantify the carbon footprint associated with different
vegetable oils contained in UCO used in the US. The study aims to estimate
greenhouse gas emissions attributable to individual oil types present in the UCO
feedstock by applying allocation approaches to upstream production systems and
deriving fuel-energy-based emission factors for FAME biodiesel and renewable
diesel (RD).

The analysis has been developed to support stakeholders interested in
understanding the contribution of different oil types to the overall carbon footprint
of UCO-derived value chains. The results may inform methodological discussions
related to allocation approaches and feedstock attribution. As the results are
dependent on the allocation approach applied, they should not be directly
compared with results derived using alternative allocation methods or cut-off

assumptions.

The intended audience includes project stakeholders and technical experts
involved in carbon accounting and life cycle assessment of bio-based feedstocks.

The results are not intended for comparative assertions disclosed to the public.

2.2 Scope

2.2.1 Type of Carbon Footprint Report

The study is conducted as an attributional, partial carbon footprint report, which
aims to quantify climate impacts associated from cradle to gate in a defined

product system based on average conditions within the studied supply chains.

Climate change impacts derived from indirect land-use change are not included in
this study.



7(22)

@ivl enon
CLIMATE IMPACT OF PRIMARY OIL PRODUCTION

Swedish Environmental . . o . .
Research Institute Partial carbon footprint of vegetable oils in UCO in the US biofuel feedstock

22-09-2026

2.2.2 Reference Unit

The reference unit of the study is:

1 kg of UCO supplied for biofuel production in the US, disaggregated into its
constituent vegetable oil fractions and linked to their upstream production

systems.

2.2.3 Studied Product Systems

2.2.3.1  Composition of UCO Feedstocks

Vegetable cooking oils and UCO are globally traded goods. The UCO that is used
in the US contains a mixture of vegetable oils originating from food preparation
activities in various parts of the world. For modelling purposes, the mixture is

represented by four individual oil types:

e Soybean oil
e Rapeseed oil
e Sunflower oil

e Palm oil

These oils together represent more than 91.2% of the vegetable oils contributing to
the UCO feedstock used in the United States. The quantitative composition of
UCO, including regional distributions and origin-specific breakdowns, is presented
in Table 1 and subsequent tables, with the underlying country-level supply data
provided in Annex A (GlobalData, 2025).

Table 1: Composition of UCO purchased in the United States by collection region and oil type (cottonseed
included in “Other”)

uco Share of total Soybean Canola Palm Sunflower Other

source UCO (%)

USA 54% 59% 19% 13% 3% 6%

EU 5% 12% 26% 18% | 37% 6%
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China 41% 50% 25% 9% 4% 13%

The table presents the composition of used cooking oil (UCO) purchased in the
United States, disaggregated by collection region and underlying vegetable oil
types. The supply is dominated by domestically sourced UCO (54%) and imports
from China (41%), while contributions from the European Union are comparatively
limited (5%).

The modelled UCO composition represents approximately 75% of the total UCO
supply. This is due to the availability of composition data for UCO sourced from
the United States, China and the European Union. The remaining share primarily
consists of UCO originating from Canada (approximately 10% of total supply), as
well as smaller contributions from countries such as Australia, New Zealand, South
Korea, Indonesia, Chile and the United Kingdom. These flows are not explicitly

represented due to lack of detailed composition data.

The composition of UCO varies significantly depending on the collection region.
Domestically sourced UCO is primarily composed of soybean oil, reflecting the
dominance of soybean oil in the U.S. food system. Similarly, UCO imported from
China also shows a high share of soybean oil, consistent with global trade patterns

and China’s role as both a producer and processor of soybean-based products.

In contrast, UCO originating from the European Union contains a higher share of
sunflower and rapeseed (canola) oil, reflecting regional agricultural production

and consumption patterns. Palm oil also contributes across all regions.

Minor oils, including cottonseed oil, are aggregated into the “Other” category due
to their limited contribution to the overall UCO supply. These data represent the
composition of UCO entering the U.S. system and form the basis for subsequent

disaggregation of oil origins and attribution of upstream greenhouse gas emissions.

While Table 1 describes the composition of UCO purchased in the United States by
collection region and oil type, it does not capture the geographical origin of the
underlying vegetable oils. Given the global nature of edible oil supply chains, oils

consumed in each region may originate from multiple producing countries.

To account for this, each oil type within each collection region was further

disaggregated according to its upstream production origin. This additional level of
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detail enables the attribution of upstream emissions to specific producing regions,
which is essential for capturing differences in agricultural practices, land use

impacts and energy systems.

The following tables present the distribution of origins for each major oil type

across the different UCO collection regions.

Table 2: Origin of soybean oil in UCO purchased in the United States (%)

UCO source Domestic

USA 98% 0% 1% 1%
EU 12% 37% 27% 25%
China 3% 62% 26% 9%

Table 3: Origin of canola (rapeseed) oil in UCO purchased in the United States (%)

UCO source Canada Australia Domestic

USA 81% 1% 17% 1%
EU 11% 10% 70% 9%
China 19% 8% 64% 8%

Table 4: Origin of palm oil in UCO purchased in the United States (%)

UCO source Indonesia Malaysia
USA 81% 15% 4%
EU 42% 25% 33%

China 680/0 310/0 00/0
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Table 5: Origin of sunflower oil in UCO purchased in the United States (%)

UCO source Ukraine Domestic

USA 7% 71% 22%
EU 41% 51% 8%
China 39% 17% 44%

2.3 System Boundaries in the Technological
System

The system boundaries include:

e Cultivation of oil crops
e Qil extraction and refining processes

e Upstream supply chain processes associated with vegetable oil production

The distribution and use of the cooking oil, as well as the collection and transport
of UCQ, are outside the scope of this study. The production of FAME biodiesel and
renewable diesel (RD) is also outside the scope of the modelling. Instead, the
upstream greenhouse gas emissions associated with vegetable oil production are
used to derive fuel-energy-based emission factors for FAME and RD using fuel-

specific conversion factors and lower heating values.

System expansion that accounts for environmental benefit associated with for
instance co-products and recycling is not applied in this study, because an

attributional approach is applied.

2.3.1 Treatment of Agricultural Residues

The treatment of agricultural residues follows the assumptions applied in the Agri-
footprint database (Blonk Sustainability, 2023). For crop production, nitrogen-
related emissions (N.O) from residues are included and aggregated with emissions

from crop cultivation.
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In general, crop residues are assumed to remain on the field after harvest. For
certain crops (e.g. cassava and potato), fibrous crop residues (e.g. pomace) may be

modelled as co-products and used as feed.

These modelling choices are consistent with the Agri-footprint methodology and

influence emissions to soil and related system boundaries.

2.3.2 Geographical Boundaries

The study focuses on UCO used in the US, but the production of vegetable oil and
the sourcing of UCO is included wherever they occur (see Annex A). Feedstock is
assumed to originate from cooking activities in the food service sector. The
geographical scope therefore includes production regions such as the USA, China,
the EU, Brazil, Canada, Australia, Russia, Ukraine, Indonesia, Malaysia and
Mexico, as well as an “unknown” category where the origin of the feedstock could

not be determined.
Vegetable oil production is modelled using representative datasets for the main
producing regions of the respective oil crops. Where region-specific data are not

available, global or proxy datasets have been applied to represent typical

production conditions (see Annex B).

2.4 Methodology

2.4.1 Modelling Approach

The modelling approach consists of the following steps:

® Upstream emission factors are assigned to each combination of vegetable oil type

and production region based on life cycle inventory data (Annex B).

® The composition and origin distributions (found in Annex A) are combined with
the corresponding emission factors by applying mass-based weighting to each oil—-

origin pair.
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For each oil type, emission factors from Annex B are first assigned to the relevant
production regions and combined with the origin distributions presented in Annex
A to obtain a weighted emission factor per oil type within each collection region.
Subsequently, these oil-specific emission factors are aggregated using the UCO

composition across collection regions, as presented in Annex A.

The carbon footprint associated with 1 kg of UCO (Euco) is thus calculated as the
mass-weighted sum of emission factors across all oil-origin combinations,
reflecting both the composition of UCO (Annex A) and variability in upstream

production emissions (Annex B).

2.4.2 Allocation

Vegetable oil production is associated with co-products (e.g. soybean meal), and
the choice of allocation method can significantly influence the results. In this study,
life cycle inventory data from the Agri-footprint database (Blonk Sustainability,
2023) are used.

Agri-footprint provides datasets calculated using different allocation approaches
(e.g. economic, mass, and energy allocation). In the present study, mass-based
allocation has been consistently applied across the selected datasets to ensure
methodological consistency when combining emission factors with mass-based

composition data for UCO.

2.5 Life Cycle Inventory Data and Impact
Assessment

2.5.1.1 Life Cycle Inventory Data
Life cycle inventory data were primarily sourced from the Agri-footprint database

developed by Blonk Consultants. The database was provided as a JSON-

formatted dataset.

2.5.1.2 Electricity Modelling

Electricity inputs are modelled using background data from the ecoinvent
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database, as integrated within the Agri-footprint datasets. Country-specific
electricity mixes are applied, reflecting regional differences in electricity

production.

The electricity datasets include both generation and upstream processes, consistent

with the cut-off system model used in ecoinvent.

2.5.1.3 Software

The modelling was performed using the Brightway life cycle assessment
framework, which was used to import, process and analyse the life cycle inventory
data.

2.5.1.4 Impact Assessment Method

Life cycle impact assessment (LCIA) was performed using the Environmental
Footprint (EF) method, considering only the climate change impact category
(global warming potential, GWP). The results include the total GWP, comprising
contributions from fossil emissions, biogenic carbon flows, and land use and land
use change (LULUC). Indirect land use change (iLUC) effects are not included in
the assessment.

Under the EF 3.1 method, biogenic CO, emissions are assigned a characterization
factor of 0 kg CO.e/kg emission and therefore do not contribute to the reported
climate change results. Consequently, only biogenic methane (CH,, biogenic),
characterized with a factor of 27 kg CO,e/kg emission, contributes to the biogenic
climate change impacts reported in this study.

Table 6: Selected characterisation factors for climate change, EF 3.1 method. (European Commission, 2021)

Greenhouse gas Characterisation factor (kg CO,e/kg

emission)

Carbon dioxide (CO,, fossil) 1
Carbon dioxide (CO,, 0
biogenic)

Methane (CH,, fossil) 29.8
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Methane (CH,, biogenic) 27
Nitrous oxide (N,O) 273
Nitrogen trifluoride (NF;) 17,400
Sulphur hexafluoride (SFe) 25,200

Additional characterisation factors are available in the official EF documentation

(European Commission, 2021).

3 Calculation of upstream emissions
associated with the weighted UCO
mixture (Euco)

The upstream greenhouse gas emissions associated with the weighted UCO
mixture (Euco) were calculated by combining the UCO composition and origin
distributions presented in the Scope chapter with the corresponding region-specific

emission factors presented in Annex B.

The calculation was performed in a stepwise manner. First, the composition and
origin distributions presented in the Scope chapter were used to determine the

relative contribution of each vegetable oil type to the overall UCO supply.

Subsequently, the origin distributions for soybean oil, canola oil, palm oil and
sunflower oil were used to assign the geographical origin of each oil type within
the UCO mixture. These origin shares were then combined with the corresponding

region-specific emission factors from Annex B.

For each oil type, a weighted contribution was calculated based on both its share in
the UCO mixture and the geographical distribution of its production. The weighted
contributions from all oil-origin combinations were subsequently aggregated to

obtain a single emission factor representing the weighted UCO mixture.
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The resulting weighted average represents the upstream greenhouse gas emissions
associated with the UCO mixture (Euco). Applying this approach, Euco was
calculated to be 1.79 kg CO.e/kg UCO.

4  Derivation of fuel-energy-based
emission factors (Ev) for FAME and
renewable diesel pathways

The upstream greenhouse gas emissions quantified in this study (Euco) were
converted to fuel-energy-based emission factors (Ev) for FAME biodiesel and
renewable diesel (RD) using fuel-specific feedstock requirements and lower

heating values.

To express greenhouse gas emissions on an energy basis (g CO.e/M]J), lower
heating values (LHVs) were applied for FAME biodiesel and renewable diesel
(RD).

Table 7: Lower heating values (LHVs) applied for FAME and renewable diesel (RD) (Jungbluth et al., 2007;
Killmén et al., 2019).

UCO source Lower heating value (M]/kg)

FAME 37.2

Renewable diesel (RD) 44.1

Xu et al. (2022) report that the production of FAME biodiesel from high free-fatty-
acid (FFA) feedstocks, including UCO, requires 1.05 kg feedstock input per kg fuel
produced. For renewable diesel (RD), the corresponding feedstock requirement is
reported as 1.26 kg feedstock per kg fuel produced. These feedstock conversion
factors were used to convert the upstream greenhouse gas emissions associated
with the weighted UCO mixture (Euco) to fuel-energy-based emission factors (Ev)
for FAME biodiesel and renewable diesel (RD).
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The fuel-energy-based emission factor was calculated according to:
EV = EUCO X CF
Where:

e Ev represents the fuel-energy-based emission factor

e Euco represents the upstream emissions associated with the weighted UCO
oil mixture

e CF represents the feedstock requirement for fuel production (kg UCO/kg
fuel).

e In this study, CF =1.05 and LHV = 37.2 MJ/kg for FAME biodiesel, while CF
=1.26 and LHV = 44.1 MJ/kg for renewable diesel (RD).

The resulting value represents the upstream vegetable oil production emissions
associated with the UCO required to produce each fuel. It does not include

process-related emissions from FAME biodiesel or renewable diesel production.

E —179><105—188kg(:02€
FAME — & e kg oil
kgCO,e
Epp =179 X 1.26 = 2.26 ——2—
kg oil

The weighted upstream greenhouse gas emissions associated with the UCO
mixture (Euco) were calculated to be 1.79 kg CO,e/kg UCO. Applying the feedstock
conversion factors reported by Xu et al. (2022), this corresponds to 1.88 kg CO,e/kg
FAME biodiesel and 2.26 kg CO.e/kg renewable diesel (RD).

Using lower heating values of 37.2 M]/kg for FAME biodiesel and 44.1 M]/kg for

renewable diesel, the corresponding fuel-energy-based emission factors are 50.5 g
COze/M]J and 51.2 g CO.e/M]J, respectively.
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Annex A: Disaggregated composition of
UCO by collection region and vegetable
oil type (%)

Annex A provides the underlying country-level data on used cooking oil (UCO)
supply to the United States. These data are based on available trade and supply
statistics and are reported in thousand pounds, including both imported UCO and

an estimate of domestic sourcing.

The country-level data are used to derive regional distributions of UCO supply,
which form the basis for the composition modelling applied in the main analysis.

Specifically, countries are aggregated into three regions (United States, China and
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distribution of UCO entering the U.S. system.

Table A1l: Distribution of used cooking o0il (UCO) supplied to the United States by country of origin.

Argentina 820
Aruba 98
Australia 378 983
Austria EU 7 536
Belarus 1533
Belgium EU 95 572
Brazil 14 601
Cambodia 0
Canada 1204 107
Chile 248 962
China China 4 328 344
Colombia 196 341
Czechia (Czech Repubilic) EU 7 196
Denmark 238
Ecuador 81
Egypt 4913
El Salvador 334
Estonia 158
France EU 13 831
Germany EU 137 786
Greece EU 2450
Guatemala 298
Honduras 6 935
Hungary EU 1623
India 3130
Indonesia 204 277
Ireland EU 101 458
Israel 2
Italy EU 1770
Japan 9704
Lithuania EU 1450
Malaysia 361774
Mexico 84 607
Netherlands EU 97 034
New Zealand 257 833
Panama 3529
Peru 4 987
Philippines 793
Poland EU 73934
Portugal 26
Romania 932

22-09-2026
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Serbia

Slovakia
Slovenia

South Africa
South Korea
Spain

Sri Lanka
Sweden
Switzerland
Taiwan
Thailand
Trinidad and Tobago
Turkey

Ukraine

United Kingdom
Vietnam

Implied domestic
sourcing
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EU
EU

USA
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1673
5 585
658
23935
216 465
3 548
255
79
48
90
1022
511
7678
304
245 303
85910
5786 955

Annex B: Selected Agri-footprint
datasets for vegetable oil production

The origin-specific distributions presented above were used to assign

representative life cycle inventory (LCI) datasets to each oil type and producing

region. For each combination of oil type and origin, datasets were selected from the

Agri-footprint database based on the closest geographical match. Where region-

specific datasets were not available, proxy datasets were applied. The selection of

proxy datasets followed a structured approach to ensure consistency and

transparency in the modelling. The emission factors derived from these datasets

are applied in the modelling but are not reported here, as they are based on

proprietary life cycle inventory data.

Error! Reference source not found.. Table B1 presents the life cycle inventory

datasets used to represent the production of different vegetable oils across regions.

Datasets were selected from the Agri-footprint database based on the closest

available geographical match to the reported feedstock origin. In cases where a

region-specific dataset was not available, a proxy dataset was applied. These cases
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are indicated in the table under “Proxy”, with additional justification provided in

the “comments” column.

Table B1: Selected Agri-footprint datasets for vegetable oil production.

Feedstock Region Agri-Footprint Dataset Proxy Comments
. Refined soybean oil (solvent),
Soybean oil USA at processing {US} Mass
. . Refined soybean oil (solvent), Used US, probably similar in terms of energy mixes, the other
Soybean oil China ; Proxy :
at processing {US} Mass countries were European, who usually have more renewables.
. Refined soybean oil (solvent), Used DE, it was the lowest of all EU emission factors.
Soybean oil EU ; Proxy
at processing {DE} Mass
. . Refined soybean oil (solvent),
Soybean oil Brazil at processing {BR} Mass
. Refined soybean oil (solvent), Used US, probably similar in terms of energy mixes.
Soybean oil Canada at processing {US} Mass Proxy
. Refined soybean oil (solvent), Used US, it was the lowest of all emission factors.
Soybean oil Unknown . Proxy
at processing {US} Mass
. Refined rapeseed oil (solvent),
Canola oll USA at processing {US} Mass
. . Refined rapeseed oil (solvent), Used US, probably similar in terms of energy mixes, the other
Canola oil China at processing {US} Mass Proxy countries were European, who usually have more renewables.
Canola oil EU Refined rapeseed oil (solvent), Prox Used DE, it was the lowest of all EU country emission factors
at processing {DE} Mass Y that were available.
. . Refined rapeseed oil (solvent), Used US, probably similar in terms of energy mixes, the other
Canola oil Australia ; Proxy ;
at processing {US} Mass countries were European, who usually have more renewables.
. Refined rapeseed oil (solvent), Used US, probably similar in terms of energy mixes, the other
Canola oil Canada ; Proxy ;
at processing {US} Mass countries were European, who usually have more renewables.
. . Refined rapeseed oil (solvent), Used US, probably similar in terms of energy mixes, the other
Canola oil Russia at processing {US} Mass Proxy countries were European, who usually have more renewables.
Canola oil Ukraine Refined rapeseed oil (solvent), Prox Used US, probably similar in terms of energy mixes, the other
at processing {US} Mass Y countries were European, who usually have more renewables.
. Refined rapeseed oil (solvent), Used DE, it was the lowest of all emission factors.
Canola oil Unknown ; Proxy
at processing {DE} Mass
. . Refined palm kernel oil, at
Palm oil Indonesia .
processing {ID} Mass
. . Refined palm kernel oil, at
Palm oil Malaysia processing {MY} Mass
. Refined palm kernel oil, at Used MY, it was the lowest of all emission factors.
Palm oil Unknown . Proxy
processing {MY} Mass
Sunflower Refined sunflower oil (solvent), Used CN, probably similar in terms of energy mixes compared
R USA : Proxy .
seed oil at processing {CN} Mass to the other choices.
Sunflower China Refined sunflower oil (solvent),
seed oil at processing {CN} Mass
Sunflower EU Refined sunflower oil (solvent), Prox Used Ukraine, only EU country available.
seed oil at processing {UA} Mass Y
Sunflower . Refined sunflower oil (solvent), Used Argentina, only LATAM country available.
R Mexico . Proxy
seed oil at processing {AR} Mass
Sunflower Ukraine Refined sunflower oil (solvent),
seed oil at processing {UA} Mass
Sunflower Refined sunflower oil (solvent), Used Argentina, lowest emission factor value.
. Unknown . Proxy
seed oil at processing {AR} Mass
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