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Abstract
Purpose In light of the sustainable diet debate, we conducted a large-scale regionalised LCA to answer the following questions: (i) does
the climate advantage hypothesis of plant-based fat spreads and creams over dairy butter and cream hold regardless of the variabilities of
product recipes, geographies and the influence of land use change (LUC)? (ii) Considering the climate-water-land nexus, is there a risk
of shifting impacts from climate to water scarcity and land occupation, and what are the key opportunities for impact mitigation?
Methods A framework for conducting a large-scale regionalised LCA was developed and applied to compare the environmental
impacts of 212 plant-based fat spreads, 16 plant-based creams and 40 dairy alternatives sold in 21 countries per 1 kg of product.
Data was compiled for different product recipes, key ingredient sourcing countries, production factory locations, energy mixes,
packaging designs, transportation and end-of-life scenarios. Spatially (archetype) differentiated agricultural life cycle inventory
data were generated, as well as LUC emissions for agricultural ingredients. A total of 18 environmental indicators were assessed.
Results and discussion All plant-based spreads had a significantly lower climate impact than butter, with and without LUC
inclusion. The regionalised analysis highlighted large variabilities across products, ranging from 0.98 to 6.93 (mean 3.3) kg CO2-
eq for 212 plant-based spreads and 8.08 to 16.93 (mean 12.1) kg CO2-eq for 21 dairy butter with 95th confidence interval. The
main drivers of GHG emissions for plant-based products are oilseed farming and the associated LUC emissions, which can vary
significantly depending on type of oilseeds, quantity and sourcing country; in the worst-case scenario, the climate advantage is no
longer valid due to LUC. Thus, the inclusion of LUC is essential for a robust assessment and hotspot identification. Overall, the
risk of shifting impact was small, as most of the plant-based spreads also had lower impacts for water scarcity footprints and land
occupation; 8 of the 212 products were not lower, due to oilseed ingredients with high embodied impacts.
Conclusions This study confirmed that plant-based spreads had lower climate, water and land impacts than butter, despite
variability of product recipes, geographies and influence of LUC. This research offers a framework for performing regionalised
agricultural LCA for a large portfolio of products thereby enabling identification of inter-product variabilities and hotspots for the
development of mitigation strategies. Key mitigation opportunities include reducing oilseed ingredients’ embodied impacts by
optimising product recipe design and adapting supply chain sourcing and agricultural practice.
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1 Introduction

Food production is estimated to be the largest cause of global
environmental change, and the food sector is responsible for up
to 30% of global greenhouse gas emissions (Vermeulen et al.
2012). Replacing production and consumption of animal-
based food sources by plant-based alternatives could be a
way to reduce the current impact of food production
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(Ranganathan et al. 2016; Poore et al. 2018; Willett et al.
2019). Previous studies show that the production of some
plant-based spreads (seven products in UK, Germany and
France) have lower climate change impacts and less land use
compared with dairy butter (Nilsson et al. 2010; Milà i Canals
et al. 2013); however, several critical gaps remain to fully
understand the environmental performance between large va-
riety of plant-based spreads and dairy butters sold in broad
consumer markets. Firstly, a large spatial heterogeneity in en-
vironmental impacts may exist when producing the same ag-
ricultural products sourced from different producers and loca-
tions, with different agricultural practices (Poore et al. 2018)
and embedded natural variabilities in different locations
(Hellweg and Milà i Canals 2014); thus, there is a need to
consider more geographies than the three country markets that
were included in the earlier study. Furthermore, plant-based fat
spreads sold in different countries have various product recipe
design influenced by consumer preferences, packaging choices
and supply chain logistics; however, these product-specific
variabilities have not been comprehensively examined in terms
of their influence on environmental impacts, from agricultural
ingredient sourcing and production, through to processing,
manufacturing, packaging, distribution, retailing, use and
product end-of-life. Secondly, Poore et al. (2018) shows that
the farm stage dominates GHG emissions from food, with
most of them involving deforestation. Recent studies
(Sandström et al. 2018; Pendrill et al. 2019) also find global
agricultural commodity trade contributes to land use change
(LUC) emission. The Nilsson study (Nilsson et al. 2010), com-
paring plant-based spreads and butter, only considered the
GHG emissions from land use change (LUC) for a small se-
lection of ingredients, such as palm oil; so the effect of com-
prehensively including LUC induced GHG emissions has yet
to be considered. Thirdly, the available water remaining
(AWARE) approach (Boulay et al. 2018) is recommended by
the UNEP (UNEP 2016) and is also the default recommended
method for assessing a water scarcity footprint by the Product
Environmental Footprint Category Rules (PEFCR) Guidance
(European Commission 2017). However, we did not find pub-
lications demonstrating an approach to operationalise
regionalised LCA for a large portfolio of product recipes with
complex agri-food supply chains for the same functionality,
thus the feasibility of applying AWARE has yet to be tested.
In light of the importance of the sustainable diet debate (Willett
et al. 2019; Poore et al. 2018; Ranganathan et al. 2016), in this
study, we aimed to propose an operational framework for
performing a large-scale regionalised LCA to answer the fol-
lowing questions: (i) does the climate advantage hypothesis of
plant-based fat spreads and creams over dairy butter and cream
hold regardless of the variabilities of product recipes, geogra-
phies and the influence of inclusion of greenhouse gas (GHG)
emissions from LUC)? (ii) Considering the climate-water-land
nexus (Ringler et al. 2013; Kraucunas et al. 2015; Conway et al.

2015), is there a risk of shifting impacts from climate to water
scarcity and land occupation, and what are the key opportuni-
ties for impact mitigation?

2 Methods

The LCA method aims to compare the environmental impacts
of the production of dairy butter and creams with plant-based
alternative products using a standard attributional approach as
per the PAS 2050 (BSI 2012), aligning with the latest interna-
tional standards for dairy products, published by the
International Dairy Federation (IDF 2015) and the European
Dairy Association (EDA 2016). This study is not intended for
investigating a large-scale change of the two systems nor long-
term consequences of a decision to switch from one system to
another. For the butter (or Nordic dairy spreads) vs plant-based
fat spreads comparison, the functional unit (FU) was 1 kg of
product (fresh matter) for spreading, baking or shallow frying, at
consumer level. For the dairy cream vs plant-based cream com-
parison, the FU was 1 kg product (fresh matter) for whipping or
cooking, at consumer level. The choice of FU is discussed fur-
ther in the sensitivity analysis section. To address the research
questions above, we developed a regionalised LCA framework
to consistently assess a large portfolio (228 plant-based spreads/
creams and 40 diary alternatives (see the supplementarymaterial
Section 3 for the definition of terminology)) of product recipes
sold in 21 countries based on primary data from Upfield (previ-
ously Unilever’s margarine business). The methodological
framework is presented in Fig. 1, illustrating themain procedural
steps, which is inherently iterative. It starts from goal and scope
definition, which define the objectives, product systems, data
quality requirement and cut-off criteria, as well as spatiotempo-
ral context. In this study, the goal and scope define the overall
data quality requirement using “minimal significance level”
based on expert judgement for the difference of comparative
study results to be considered as significant (see Electronic
SupplementaryMatrial-ESM_1.docx. Table S3 for minimal sig-
nificance level definition). It further defines data quality require-
ment using pedigree scores See the supplementary material
Table S6 for key processes (notably agricultural oilseeds LCI
datasets) identified through the gap and prioritisation process,
which further involved sensitivity analysis of choices related to
allocation, models and assumptions together with parameter un-
certainty analysis. Results obtained from each step are evaluated
against the predefined data quality requirement. In terms of spa-
tial scope definition, the regionalised LCA conducted was re-
quired at the country scale for key life cycle stages. It includes
variations in product recipes, key agricultural ingredients’ coun-
try of origin and corresponding country-specific agricultural
practices and embedded natural variations (such as fertilisation,
tillage practice, irrigation, yield, climate, soil properties), pro-
duction factories and energy mixes, as well as packaging
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designs, transportation distances and packaging materials’ end-
of-life. More detailed descriptions of each step are provided in
the ESM (ESM_1.docx. Section 1).

The following sections give further descriptions of product
recipes, system boundaries, data collection, regionalisation of
supply chain, spatial (archetype) LCI development, treatment
of LUC and water flowmodelling, allocation procedures, sen-
sitivity analyses and parameter uncertainty assessment for cli-
mate change results.

2.1 Products studied

A total of 228 plant-based spreads/creams are assessed. Of
them, 201 had no butter fat and 27 were blended with a small
amount of butter fat (less than 18%). For products used mainly
for spreading and for baking or shallow frying, we assessed 212
predominately plant-based spreads with different levels of fat
and types of packaging, sold in 21markets in Europe andNorth
America. The plant-based spreads were compared with local
butter substitute. Additionally, for Nordic countries, (Denmark,
Finland and Sweden) the plant-based spreads were also com-
pared to spreads with 40%, 60% and 75% dairy fat (containing
no vegetable fat). Plant-based spreads are packaged in various
tubs or wrappers of different shapes and volumes (dairy spread
packaging is the same as plant-based spread tubs in Denmark,
Finland and Sweden), whereas typical packaging for butter in
Europe is aluminium foil laminated paper, or waxed paper in
North America. For creams, used for whipping or cooking, we
assessed 16 plant-based cream recipes and compared themwith

their dairy cream alternatives. Packaging formats used for
plant-based creams are identical to that of dairy creams (poly-
ethylene terephthalate (PET) bottle or liquid packaging board,
depending on themarket). The numbers of plant-based spreads/
creams and their dairy substitute in each consumer markets are
given in the ESM (ESM_1.docx. Table S1 and Table S2).

2.2 System boundaries and cut-off

The LCA considered all identifiable activities across the prod-
uct life cycle (cradle-to-grave) for all products in the 21 mar-
kets where they are sold (see Fig. 2). Capital goods (ingredient
delivery by trucks and ships, buildings, equipment, etc.) were
included wherever data was available, such as for crop pro-
duction, oil extraction and transformation and dairy process-
ing. Capital goods at the distribution centre and the point of
retail were not included as the contributions of these processes
to the total system’s environmental impacts were expected to
be less than 1%. The capital equipment and infrastructure
processes from the ecoinvent database (v3.3) were used in
the background system (Wernet et al. 2016). The following
processes were left out of the system boundaries, consistent
with attributional LCA practices: labour, commuting of
workers, administrative work, cattle insemination and disease
control. Food loss and food waste can take place at any stage
in the products’ life cycle. Statistical data at the national scale
for specific product categories are not available and are there-
fore highly uncertain. At farm and processing level, losses are
already accounted for in the processes’ efficiency; therefore,

Fig. 1 Methodological framework developed in the study
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uncertainty remains regarding food losses and waste during
distribution, at retail point and at the consumer’s home. There
is no evidence showing different food losses and waste rates
between plant-based spreads and butter (and between plant-
based creams and dairy cream). Further, the PEFCR for Dairy
Products (EDA 2016) does not require the inclusion of food
waste in the assessment but rather suggests a waste rate of 7%
for butterfat products, tested in a sensitivity analysis. Food
loss and waste during distribution, at retail point and at the
consumer’s home, is thus excluded from the scope of the
study. Additional information is given in the ESM
(ESM_1.docx. Table S4).

2.3 Environmental impact indicators considered

The assessment includes 15 environmental impact indicators
from the European ILCD 2011 Midpoint+ v1.08 impact as-
sessment method (JRC-IES 2011). Three additional indicators
were included: land occupation (m2/year), which reflects the
total area of land used over one year and is a proxy for biodi-
versity and ecosystem services (Nemecek et al. 2011; Milà i
Canals et al. 2012), water consumption (m3), the total amount
of fresh water consumed (ISO 14046), which includes, for
example, evapotranspiration from irrigation water, and water
scarcity footprint (m3 water equivalent (eq)) based on the
AWARE approach that assesses the water deprivation poten-
tial considering spatial water scarcity differences (Boulay
et al. 2018). Additional information is given in the ESM
(ESM_1.docx. Table S3).

2.4 Data sources, supply chain regionalisation
and spatial (archetype) LCI modelling

Primary data was collected from the manufacturer of the
plant-based spreads and creams for all process stages with-
in its control, namely recipe (i.e. ingredients and sourc-
ing); oil processing where data is available e.g. from sup-
plier or processing carried out by the manufacturer; prod-
uct manufacturing; packaging materials weights and spec-
ifications; distribution transport distances from factories to
markets. Secondary data was used to determine the bill of
activities of other stages: crop production for oil crops and
feed crops; raw milk production in each country; butter
and cream production in each country; packaging materials
and properties for butter and cream; distribution transport
distances to point of sale (dairy products); storage at dis-
tribution centre and at point of sale; use stage; packaging
end-of-life. Main data sources are summarised in the ESM
(ESM_1.docx. Table S4). The detailed modelling steps are
given below, following the described framework in Fig. 1.

2.4.1 Tracing agricultural commodity country of origin

Gap and prioritisation analysis of the preliminary LCA results
indicates that the most important data to be improved are
spatial differentiations of agricultural ingredients. The model-
ling of crop-country combinations for agricultural ingredients
is described below:
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Fig. 2 Schematic of the systems
under evaluation
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1. Identification of crop sources and vegetable oil refining
activities. When primary data of sourcing of country of
origins were unavailable or incomplete (e.g. countries or
regions are known, but exact quantities are unknown), the
sourcing mix was based on average historical (2006-
2011) FAOSTAT data for import and domestic production
(country of origin and % sourcing). The model assumes
that the final sourcing mix is proportional to the total of
domestic and imported production volumes. A list of
datasets accounting for parameters representative of aver-
age cultivation practices for each crop-country combina-
tion in the supply chain was developed for this study.

2. Gap assessment for spatially differentiated LCI data de-
velopment. The availability and quality of spatially differ-
entiated country-level LCI datasets were evaluated ac-
cording to crop sourcing information and data quality re-
quirements. A list of missing data for further development
are identified.

3. Gap assessment for spatially differentiated elementary
flows for impact assessment. Regionalised inventory data
was further examined to evaluate the consistency with the
requirements of the impact assessment methods. As a re-
sult, a customised version of ecoinvent v3.3 was devel-
oped to consistently support the AWARE method for the
water scarcity footprint. The assessment of the water scar-
city footprint indicator requires particular attention to the
consistent modelling of all life cycle inventory data, both
in the foreground and background systems. In the present
study, all foreground and background inventory data were
adapted to ensure the following: Water flows in every
process were properly balanced, which enabled calcula-
tion of the amount of water consumed as the difference
between inputs and outputs. Water flows were all
regionalised at country level as per the location where
the withdrawals (inputs) and releases (outputs) were tak-
ing place, therefore enabling the association to the appro-
priate characterization factor.

4. With key missing data identified, the sections below pro-
vide more details regarding generation of spatially differ-
entiated (archetype) LCI datasets for plant-based and
dairy products and the inclusion of GHG emissions from
LUC.

2.4.2 Spatially differentiated LCI data generation
for plant-based products

To conduct the gap assessment for plant-based spreads and
plant-based creams, many of the regionalised LCI data were
derived from the World Food LCA Database (WFLDB) v3.1
(Nemecek et al. 2015), which was updated with ecoinvent
v3.3 data, systemmodel “Allocation, cut-off by classification”
(Weidema et al. 2013). The WFLDB was used as it provides

unit process LCI data for many crops and countries, is repre-
sentative of average production practices and includes data for
dairy systems and processed food products.

For datasets with missing or low-quality data, additional
LCI datasets were modelled using the Agricultural Life
Cycle Inventory Generator (ALCIG) (Quantis 2016) consis-
tent with the WFLDB approach for modelling the life cycle
inventory of agricultural products (Nemecek et al. 2015).
ALCIG calculates direct emissions at the farm, based on a
number of customisable parameters such as input fertilisers
and pesticides, soil type, climate conditions and farming prac-
tices (e.g. tillage). It integrates default values for most vari-
ables, based on statistical data from FAOSTAT, that can be
used when specific data are not available. The ecoinvent da-
tabase (v3.3) was used as a background database. Oil extrac-
tion and refining from agricultural oilseeds or crops are
modelled based on data from Blonk Agri-footprint (2015)
and Schau et al. (2016); separate LCI datasets were derived
for crude oil extraction and refined oil production. Allocation
of co-products is further discussed in Section 2.5.

2.4.3 Spatial archetype LCI for dairy products

The spatial archetype-based approach was introduced to ac-
count for the variability of key parameters influencing the
environmental footprint of raw milk, such as herd size, breed,
feed composition, intensity (i.e. degree of mechanisation) and
manure management systems (MMS) in different countries.
These parameters, except for the latter, influence the yield (i.e.
kg raw milk per cow per year), the quality of the milk (i.e. fat
and protein content) and direct emissions (through enteric fer-
mentation and grazing) as well as the amount of manure to be
managed. The dairy systems vary significantly between and
within countries and therefore the approach applied by the
WFLDB methodology guideline (Nemecek et al. 2015) was
used to generate datasets representative of average raw milk
production at a national scale. The country average dairy milk
datasets are constructed in the following steps: firstly, 23 ar-
chetypes (or typologies) of milk production systems were
modelled, based on the IFCN “typical farms” (FAO, IDF,
IFCN 2014), and also specific studies for USA (Thoma et al.
2013) and Canada (DFC 2012). They describe how cows are
fed and tended to at the farm, representing a selection of the
diversity of dairy systems considered in the study. Production
systems were characterised by their size (i.e. number of lac-
tating cows) and different feeding patterns (i.e. grazing or non-
grazing; proportions of hay, grains and compound feed in
rations). To be consistent with prior modelling approaches,
emission models for different manure management systems
were created based on IPCC (2006) emission factors for meth-
ane (CH4), nitrous oxide (N2O) and ammonia (NH3). Six ma-
nure management systems are represented with up to three
climate conditions (cool, temperate, warm). Each country



has its own mix of manure management systems for dairy
farming, as per FAO (2010a). Secondly, archetypes of typical
dairy farms and MMS are combined in different proportions
as to represent the typical dairy system mix in different coun-
tries. These mixes are mainly based on qualitative information
retrieved from IDF and IFCN (FAO, IDF, IFCN 2014) and
Eurostat 2013 data. All dairy farming modules generate milk
as the main product, as well as live animals for slaughter or
further fattening (i.e. male calves and culled cows) as co-prod-
ucts. The amount of milk produced is then corrected to a
standard of 4% fat and 3.3% protein equivalent, according to
the International Dairy Federation (IDF 2015) formula for fat
and protein-corrected milk (FPCM). Additional detailed illus-
tration and data are given in the ESM (ESM_1.docx.
Section 2). Butter and cream processing data are based on
EDA (2016), which provides typical data that can be used to
represent average processing of dairy products. According to
EDA (2016), the technology used in different countries is
quite homogeneous, although higher variations are observable
between large dairy farms and Small and medium farms.
WFLDB datasets combine these data with complementary
information from literature (Nemecek et al. 2015; Djekic
et al. 2014, Flysjö 2012) to generate comprehensive LCI
datasets. To regionalise the processing step, the national milk
mix and national electricity consumption mix are used. Butter
processing results in two other co-products: skimmed milk
and buttermilk. Allocation among these co-products is
discussed in Section 2.5.

2.4.4 Modelling GHG emissions from land use change

In crop production, global land transformation impacts are
mainly driven by deforestation of primary forests. However,
land use change (LUC) from deforestation of secondary forest
or conversion from other types of land (grassland, perennial or
annual crops) to arable land are also addressed. In agricultural
systems, LUC can be an important contributor to GHG emis-
sions (Poore et al. 2018). In this study, country-specific GHG
emissions due to land use and LUC are assessed for each
relevant vegetable oil ingredient and dairy feed input. The
LUC impact assessment follows the framework defined in
ecoinvent v3 (Nemecek et al. 2014), which is based on
IPCC (2006) methodology. Land inventory data are obtained
at the national level per crop and per type of land use based on
FAO data (FAOSTAT 2012, FAO 2010b). Land use changes
are calculated over the period 1990–2010. The LUC model-
ling approach builds on the Direct Land Use Change
Assessment Tool Version 2013.1 (Blonk Consultants 2013)
and is compliant with PAS 2050-1 protocol (BSI 2012). The
amortization of GHG emissions is 20 years, which is aligned
with PAS 2050-1 (BSI 2012) and FAO guidelines for feed
supply chains (LEAP 2015). It accounts for all carbon pools
i.e. above-ground biomass (AGB), below-ground biomass

(BGB), dead organic matter (DOM) and soil organic carbon
(SOC) (Further data is provided in the ESM (ESM_1.docx.
Table S5). The values for the relevant carbon pools were taken
from the IPCC Agriculture, Forestry and Other Land Use
report (IPCC 2006) and FAO (2010b), Annex 3, Table 11.
Country climates and soil types were taken from the
European Soil Data Centre (ESDAC 2010).

In this study, three major modifications were made to the
original tool (Blonk Consultants 2013): (i) addition of the
SOC-related emissions from peat drainage per hectare and
year for pasture areas, using IPCC (2013) for emissions cal-
culations, based on Joosten (2009) for the surface of forest
grown on peatland in each country and emissions from peat
degradation reported at the national scale for all countries in
2008; this adjustment is added because pasture is not included
as a crop type and the degradation of drained peatland is not
considered in the original Blonk tool; (ii) inclusion of carbon
capture in vegetation when relevant (e.g. when grassland is
transformed into perennial cropland); (iii) addition of N2O
emissions related to SOC degradation according to IPCC
(2006).

For climate change impacts from LUC, two allocation
schemes corresponding to different “value systems” are con-
sidered: the “crop-specific” and “shared responsibility”. The
default allocation scheme used in this study is “crop-specific”,
while the “shared responsibility” approach is assessed in a
sensitivity analysis.

& Crop specific: LUC is allocated to all crops and activities
for which production area expanded over the last 20 years
in a given country, according to their respective area
increase.

& Shared responsibility approach: LUC during the last 20
years is evenly distributed among all crops and activities
in the country, based on current area occupied.

2.5 Allocation procedures

A common methodological decision in LCA occurs when the
system being studied produces co-products, such as vegetable
oil and meal from oil extraction, or milk and meat from dairy
farming. When systems are linked in this manner, the bound-
aries of the system of interest must be widened to include the
system using all co-products, or the environmental impacts of
producing the linked product must be attributed to the differ-
ent co-products in the systems.

In this study, based on the Methodological Guidelines for
Agricultural Products (Nemecek et al. 2015), economic allo-
cation was used by default for crop co-products at the farm
and also processed oil seeds ingredients. For dairy milk, up-
stream burdens and activities were allocated to the raw fat and
protein-corrected milk (FPCM), using the IDF formula (IDF
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2015) and live animals based on biophysical criteria following
the ISO hierarchy of allocation procedure (ISO 2006a,
2006b). For dairy butter and cream processing, the allocation
of the upstream burden embodied in the raw milk as well as
other inputs (energy, water, refrigerants) and outputs (waste-
water, etc) is based on the dry weight (i.e. dry matter content)
of butter and cream and its co-products, following the IDF
(2015) and the European PEF category rules for Dairy prod-
ucts EDA (2016). All transport was assumed to be weight-
limited due to the high density of the ingredients (oils and raw
milk) and final products. For all packaging recycling process-
es, in alignment with ecoinvent methodology, the “cut-off by
classification” approach was used to allocate recycled content
and recycling at end-of-life (Ekvall and Tillman 1997). The
allocation method used for background processes depends on
the approach applied in the ecoinvent database. More details
of allocation procedures and data are further elaborated in the
ESM (ESM_1.docx. Section 4).

2.6 Sensitivity and uncertainty analysis

To ensure robustness of the LCA results, various sensitivity
analyses were conducted in this project on the following key
aspects: functional unit, LUC allocation approach, vegetable
oils extraction allocation approach, worse case scenarios for
supplying country of origins of main vegetable oils, packag-
ing types and electricity production mix. To further improve
robustness of climate change results, an uncertainty assess-
ment has also been performed. Each product system is con-
sidered to include uncertainty with respect to (1) reference
flows and (2) emission factors that are used to determine the
LCI based on the reference flows. The parameter uncertainty
is assessed with the Pedigree approach (Weidema et al. 2013).
The total uncertainty of climate change results for butter and
dairy cream is performed in SimaPro version 8.3 by running a
Monte Carlo simulation of 1000 times. To assess the results’
uncertainty of 228 plant-based spreads and plant-based
creams, the analytical uncertainty propagation approach based
on Taylor series expansion was used by adapting the uncer-
tainty assessment method introduced by the GHG Protocol
(2011). Results of sensitivity and uncertainty analysis are pre-
sented and discussed below in Section 3.

3 Results and discussion

For the LCA modelling tool, SimaPro version 8.3 was used to
model individual datasets (such as oilseeds, packaging) re-
quired for plant-based products and also the whole life cycle
of dairy products. Data from all life cycle stages of plant-based
spreads were aggregated and assessed in a customised modu-
lar Excel model to enable efficient sensitivity and uncertainty

analyses for the large portfolio of product scenarios in this
study. The detailed results and discussions are given below.

3.1 Overview of baseline results for plant-based
spreads vs butter and dairy spreads

Figure 3 illustrates the probability density function of
six main impact indicators comparing 211 plant-based
spreads with 21 butters sold in 21 consumer markets,
using the non-parametric kernel density estimation
(KDE) approach (One plant-based fat spread with very
extreme value is excluded from the plotting). As shown
in Fig. 3, large variabilities exist among product recipes.
For 3 Nordic countries (Denmark, Finland, Sweden),
dairy spreads are also studied. The comparison of
plant-based spreads with dairy spreads and butter are
shown in Fig. 4. Additional information is given in
the ESM. (ESM_1.docx. Section 6 Figs S1-S5).

3.1.1 Climate change impacts

Figure 3 shows overall that plant-based spreads (mean 3.3 kg
CO2-eq) in the 21 markets studied have lower climate change
impacts than butter (mean 12.1 kg CO2-eq); however, Fig. 5
shows the regionalised LCA results highlighted large variabil-
ities on the individual product level, driven by difference in
product recipe design and spatial variabilities of sourcing in-
gredients. Further details on uncertainty analysis (Section 3.5)
and the influence of spatial LUC emissions (Section 3.3) are
discussed below. Figure 4 shows for the 7 dairy spreads on the
Nordic markets in Denmark, Finland and Sweden, climate
change impacts are highly correlated with fat content. For
dairy spreads with the lowest fat content (40%, in Finland
and Sweden) climate change impacts are similar to those of
plant-based spreads with the highest climate change impacts
of all plant-based spreads (also see detailed aggregated
country results in Fig. 9 below). However, when comparing
plant-based spreads and dairy spreads sold in Finland and
Sweden, climate change impacts are lower for the plant-
based spreads.

Figure 5 shows, when considering impacts per life cycle
stage, on average, the largest contributor for plant-based
spreads is the production of the vegetable oil ingredients
(2.24 kg CO2-eq/kg, 68% of total climate change impacts);
whereas for dairy butter, the production of raw milk is the
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In statistics, kernel density estimation is a useful technique
to visualise the shape based on finite data samples as in our
study. The x-axis indicates the respective indicator results. The
smaller the range of impact values of different products in x-
axis, the higher the density value is. The integral of the shape
for each type for a given impact indicator equals to 1, the
100% of probability. The detailed discussions are given below
for key environmental impact indicators of interests)



Fig. 3 Comparing environmental impacts of plant-based spreads with butter in all 21 countries (Fig. generated using “ggplot 2” package in R software
(Wickham 2016)
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main contributor for butter, contributing on average to 92% of
total climate change impacts. Feed production and dairy farm
activities such as methane emissions from enteric fermenta-
tion and manure management all contribute to climate change
impacts. Packaging of plant-based spreads contributes 0.23 kg
CO2-eq/kg (7%); whereas for butter, packaging contributes on
average 0.06 kg CO2-eq/kg, which is less than 1% of total
climate change impacts. This is due to differences in both the
weight and type of packaging used with the butter being in
lightweight paper either laminated in aluminium or waxed
whereas the spreads are in heavier plastic tubs. Other notable
difference includes production stage and distribution stage.
Compared with plant-based fat spreads, dairy butter has
higher production climate change impact, due to higher pro-
cessing energy; on the other hand, it has lower climate impact
related to the distribution phase, as it has much shorter dis-
tance required to distribute final product to final consumers
with freezing transportation.

3.1.2 Freshwater consumption, water scarcity footprint
and water depletion potential

For freshwater consumption and water scarcity results, Fig. 3
and Fig. 4 show there are high variabilities across product

recipes and markets, driven by differences in yield and irriga-
tion of crops and orchards. Figure 4 shows there are overlaps,
particularly between plant-based spreads and dairy spreads
with low fat (e.g. 40%) levels, and also between butter and
dairy spreads with high fat (e.g. 75%) levels (See more details
in ESM Fig. S3). This is because a higher fact content often
leads to higher climate, water and land impacts, vice versa
(See more details in the ESM, Fig. S1). In general, a linear
relationship exists among solid content, fat content and calo-
ries (Nikolaou et al. 2016). A few exceptions of butters, nota-
bly in Ireland, have lower water consumption, due to embed-
ded variabilities of dairy farming systems, influenced by dif-
ferent herd structures, feed intake compositions and manure
management systems. The dairy farming systems in Ireland
have a relatively higher proportion of pasture, hay, silage,
haylage and agricultural residues rather than grains and con-
centrated feed (More details are available in the ESM,
ESM_1.docx. Section 2 Spatial archetypes of dairy systems).
For water scarcity footprint, most plant-based spreads (205 of
212 assessed) have a lower footprint in their respective con-
sumer markets (see ESM, ESM_1.docx. Fig. S3), except for
plant-based spreads containing dairy ingredients or oil seeds
sourced from high water-stressed regions with low yields,
such as olive oil from Tunisia.



3.1.3 Land occupation and land use

In terms of the surface areas required for land occupation, Fig. 3
and Fig. 4 show there are some overlaps between plant-based
spreads and dairy butter if the constraints of consumer countries
are ignored. However, it is found that most plant-based spreads
(211 of the 212) have lower impacts compared with butter in
their respective consumer markets, while some overlaps are
observed when compared with dairy spreads. When consider-
ing the land use indicator, measured by soil organic carbon
(SOC), there are more overlaps in results between plant-based
spreads and both butter and dairy spreads in general or in their
respective consumer markets (Also see more details about
country-specific comparisons in the ESM,ESM_1.docx. Fig. S3).

Overall, when comparing plant-based spreads and
dairy butter products, there is little risk of shifting cli-
mate impact to water and land related impact (See the
ESM (ESM_1, Fig. S1)); however, special attention
should be paid to agricultural ingredients from regions
with high embodied land occupation or water scarcity
footprint. There are opportunities for further reducing
the environmental impact of plant-based fat spreads by
e.g. adapting product recipes, opting for alternative agri-
cultural oilseeds ingredients and/or adapting sourcing

countries to avoid deforestation or other land use
change–related climate risks. Meanwhile, it is also im-
portant to consider potential constraints, such as the
choice of oils based on consumer preferences (taste, nu-
tritional benefits and product function e.g. harder fats are
used for products in warmer climates).

3.1.4 Other indicators

Plant-based spreads generally perform better than butter for a
number of indicators including particulate matter, acidifica-
tion and terrestrial eutrophication potentials, freshwater
ecotoxicity, and mineral, fossil and resource categories. For
the other impact indicators, significant overlaps exist between
plant-based spreads and butter (available in the ESM,
ESM_1.docx. Fig. S4).

3.2 Overview of baseline results for plant-based
creams vs dairy creams

Figure 6 show the overall comparison of environmental im-
pacts between plant-based creams and dairy creams in all 21
markets. For climate change, plant-based creams have lower
climate change impacts compared with dairy creams, apart

Fig. 4 Comparing environmental impacts of plant-based spreads with butter and dairy spreads in three Nordic markets (Denmark, Finland and Sweden)
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from those with very low-fat creams (15% fat). For the other
impact indicators, there are no significant differences between
plant-based creams and dairy creams. More details are also
given in the ESM (ESM_1.docx. Fig. S3 for details classified
by consumer markets, S6 for the full 18 impact indicators, Fig.
S7 for climate impact breakdown by life cycle stages).

3.3 Understanding the influence of LUC on climate
change

LUC influences climate change impacts for plant-based spreads
and plant-based creams, due to the production of key ingredients
such as palm oil, coconut oil or soybean oil. Fig. 7 illustrates the
contribution of LUC to climate change impacts of some ingredi-
ents included in the products. It shows that LUC alone can ac-
count for over 50% of climate change impacts of many ingredi-
ents, with the most extreme case being soybean oil from Brazil
with a contribution of 86%. Furthermore, the contribution of
LUC also varies significantly among different ingredient-
country combinations. Understanding spatial sourcing of ingre-
dients is important. On average, for the dairy butter products
assessed, they have a higher LUC impact on climate change than
plant-based fat spread products.

3.3.1 The influence of allocation method choice for LUC

With LUC considered in the model for all crop production
activities, the share of LUC highly depends on the allocation
approach. Therefore, a sensitivity analysis was performed to
evaluate the influence on total climate change impacts for dif-
ferent scenarios by choosing the “shared responsibility” rather
than the “crop-specific” allocation approach. In the baseline
assessment, the “crop-specific” allocation approach was ap-
plied to allocate LUC to different crops within each producing
country. In Fig. 8, each point represents a different plant-based
spread or plant-based cream scenario. Dots are displayed from
highest to lowest LUC impacts calculated with the default
“crop-specific” allocation approach. The crosses correspond
to impacts calculatedwith the “shared responsibility” allocation
approach. It shows that the default “crop-specific” approach,
compared with the “shared responsibility” approach, generally
allocates more LUC to the crops used in the plant-based
spreads and plant-based creams (thus higher climate change
impacts), with only a few exceptions. For all plant-based
spreads and plant-based creams, the alternate allocation ap-
proach resulted in a 36% decrease to a 4% increase in total
climate change impacts, with an average decrease of 12%,

Fig. 5 Impact on climate change of 212 plant-based fat spreads, 7 dairy spreads and 21 butters per kilogram by life cycle stage (the average values are
shown in the figure)
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because crop-specific burden allocation approach attributes
more GHG emissions to vegetable oilseeds ingredients includ-
ed in this assessment. Overall, it shows the choice of crop-
specific allocation approach as default is a more conservative
allocation approach. For both allocation approaches, with re-
spect to the comparative impacts of plant-based products and
dairy butter and cream, climate change impacts remain stable.

3.3.2 The worst-case sourcing scenario comparison
for vegetable oils supply chain

Since vegetable oils are sourced worldwide and are traded as
commodities, the countries of origin are generally known but the
exact share from each country is unknown. Further, these pro-
portions may vary from year to year. The LCA model assessed
this data gap by considering import and production volume
based on average historical FAOSTAT data, for each country
where a factory producing the studied products is located. This
sensitivity analysis aimed at generating a virtual “worst-case”
scenario by considering sourcing countries with the highest cli-
mate change impacts for the main vegetable oils used in the
plant-based spreads and plant-based creams. The following as-
sumptions were made: 100% of palm oil and palm kernel oil
sourced from Indonesia, 100% of sunflower oil sourced from
Ukraine, 100% of rapeseed oil sourced from Australia, 100% of

soybean oil sourced fromBrazil and 100%of linseed oil sourced
from Kazakhstan. A virtual “best case” scenario was considered
for butter and dairy cream, where no LUC took place in the feed
supply chain, giving a fair representation of non-fodder feed
ingredients being sourced locally. The results from this sensitiv-
ity analysis demonstrates that even if plant-based spreads used
vegetable oils with the highest climate change impacts (gener-
ally due to LUC in sourcing countries), total climate change
impacts remained lower than dairy butter for 204 of the 212
plant-based products analysed in 19 respective consumer mar-
kets. For 8 of the 212 products in Finland and Sweden, this
“worst-case supply chain” scenario lead to climate change im-
pacts that were 1% to 39% higher compared with “LUC free”
butter. We found that the dairy systems in these two countries
havemuch lower climate impacts comparedwith other countries
and also the LUC induced climate impacts for these plant-based
spreads were found to be quite high, highlighting the importance
of quantifying regional supply chain information of ingredient
sourcing as well as associated spatially differentiated LUC
impact.

3.4 Further sensitivity analysis

In this study, we performed further sensitivity analyses regard-
ing functional unit choice, vegetable oils extraction allocation

Fig. 6 Comparison of environmental impacts between plant-based creams and dairy creams in all 21 markets
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approach, packaging types and electricity production mix.
Detailed discussions and results for each sensitivity analysis
are available in the ESM (ESM_1.docx. Section 7). A sum-
mary of key insights obtained are discussed below.

& Function unit choice

The general trend for the LCA results was similar when
considering a FU based on mass or volume. We also investi-
gated the influence of considering a FU based on the total fat
content, rather than on the total fresh mass, because most
plant-based spreads generally have a lower fat content than
butter, and a higher fact content often leads to higher climate,
water and land impacts, vice versa (see more details in the
ESM, Fig. S1). Such consideration seems of low relevance
when products are used for spreading based on volume, but
could be pertinent when used in baking if, for instance, the
percentage of fat used in a cake recipe influences the quality of
the cake in terms of taste/performance. The total fat in a plant-
based spread ranges from 300–800 g/kg, allowing consumers
to choose the spread that best suits the required function e.g.
spreading or baking. Plant-based creams often have a lower
fat content than dairy cream, some even with a particularly
low-fat content of < 100 g/kg. Butter typically has a total fat

content of 800 g/kg and dairy creams in the present study had
a total fat content ranging from 150 to 400 g/kg. For plant-
based spreads, when changing the FU, the original conclusion
still holds for climate change; similar patterns hold for water
and land impact categories. As with the mass-based FU, there
are significant overlaps between plant-based creams and dairy
creams, and also between dairy spreads and butter. With a fat-
based FU, the overlaps are more pronounced.

& Allocation method for vegetable oil extraction

A sensitivity analysis was performed considering mass al-
location in the vegetable oil extraction processes rather than
the default economic allocation. Mass allocation generally
attributes a lower share of the upstream burden to crude oil
compared with economic allocation. The only exception is
maize oil with a mass allocation factor of 19.6% and an eco-
nomic allocation factor of 18.0% for the crude oil. The anal-
ysis showed that the total impacts of plant-based spreads and
plant-based creams when mass allocation was applied was
systematically lower than calculated for the baseline scenario,
showing that the application of economic allocation for oil
extraction and processing is rather conservative and is not
likely to change the conclusions of the study.

Fig. 7 Contribution of LUC to
climate change impacts (kg CO2-
eq/kg) for selected ingredients
and final products
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3.5 Uncertainty analysis of climate change results

The robustness of climate change results is evaluated through
an uncertainty assessment as described in Section 2.6. As
shown in Fig. 9, the uncertainty analysis shows that the higher
bound of all 212 spreads, ranging from 0.98 to 6.93 (mean
3.3) kg CO2-eq, still have lower climate change impacts com-
pared with the lower bound of all 21 butter products, ranging
from 8.08 to 16.93 (mean 12.1) kg CO2-eq with 95th confi-
dence interval. However, the overlap of climate change results
between plant-based spreads/creams and dairy spreads/creams
increased.

4 Conclusions and outlook

The regionalised LCA conducted in this study is the largest
scale regionalised agricultural LCA analysis comparing dairy
butter and plant-based spreads published to date. It shows that
plant-based spreads have lower climate, water and land impacts
than butter, despite variability in product recipes and geogra-
phies and influence of LUC emissions. For climate change, the
analysis shows all plant-based spreads perform better than but-
ter regardless of the choice of functional unit (mass-based or
fat-based), inclusion of LUC or allocation approach of oilseeds.
It also shows that LUC of oilseed ingredients could dominate
climate impacts for plant-based spreads; further, the hypothet-
ical worst-case sourcing scenario (i.e. with the worst combina-
tion of oilseed type and sourcing country) performs worse than
butter for climate impact, due to LUC associated with growing

oilseed ingredients. Thus, inclusion of spatial LUC emissions is
important for robust assessment and hotspot identification
when taking steps towards mitigating the climate impact of
food products. With respect to land occupation and water scar-
city footprint, most plant-based spreads had lower impacts
compared with butter in their respective consumer markets,
with only a few exceptions (8 of 212 products) which contained
oilseed ingredients with high embodied impacts, caused by
either very low yield or very high water demand from growing
in high water-stressed regions.

Towards transparency of sustainable supply chains and de-
veloping potential mitigation strategies, producers can only un-
derstand the impacts of their products and look for opportuni-
ties to reduce these impacts if they fully and accurately assess
their product supply chains. The regionalised LCA results high-
light significant interindividual variabilities on the product level
for plant-based spreads, driven by differences in product recipe
designs and spatial variabilities of sourcing ingredients.

The framework introduced and demonstrated in this study
offers opportunities for hotspot identification as well as in-
sights for improving the sustainability of a large portfolio of
products. For example, towards more sustainable plant-based
spreads, the key solution would be to reduce embodied envi-
ronmental impacts from oilseed ingredients through better un-
derstanding and improvements in supply chain sourcing, farm
level agricultural practice and product recipe design. The key
challenges of performing large-scale regionalised LCA lies in
the collection and organisation of all relevant data and models,
performing gap assessment and prioritisation, developing
missing data or improving data quality and also linking

Fig. 8 Climate change impacts
(kg CO2-eq/kg) depending on
LUC allocation approach (Each
point represents a different plant-
based spread or plant-based
cream scenario. Dots are
displayed from highest to lowest
LUC impacts calculated with the
default crop-specific allocation
approach. The crosses correspond
to impacts calculated with the
shared responsibility allocation
approach)
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inventory data with impact assessment, to draw robust con-
clusions and meet requirements for data quality.

The application of the methodology framework in this
study demonstrated the feasibility of conducting large-scale
regionalised LCA for agri-food products. This principle is also
relevant for other product type evaluations and this study of-
fers step-wise guidance. We believe it will contribute to the
operationalisation of regionalised LCA in practice towards
identifying inter-product variabilities as well as highlighting
hotspots for improving transparency and sustainability of
product supply chains.

When moving towards developing more tangible mitiga-
tion strategies on a finer spatial scale, such as field or farm
level intervention, it is important to verify the findings obtain-
ed from a high-level spatial scale and interpret the variabilities
and hotspots identified by the country-scale regionalised
LCA. This requires further improving (1) transparency and
accuracy of supply chain sourcing information of key ingre-
dients, (2) gathering, modelling and understanding agricultur-
al information at a finer scale for parameters such as soil health
and fertility characteristics, climate factors, crop yield,
fertilising and irrigation situations etc, through techniques,
such as field sensors, surveys or remote sensing data, as well
as potential predictive analysis of future scenarios coupling
with geographical information system (GIS) features; (3) a

more robust modelling and understanding of spatial-
sensitive environmental mechanisms and the links between
activity data and impact assessment.
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Fig. 9 Uncertainty analysis of climate change impacts of plant-based and dairy products
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