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Abstract: Four crops, oil palm, soybean, rapeseed and sunflower, are collectively responsible for
>91% of all globally traded vegetable oil production, worth an annual US$223 billion. However, these
crops fall into two distinctive categories with respect to their agronomy, yield, socioeconomic value,
and overall sustainability. The dichotomy between perennial oil palm and the three annual oilseed
crops is perhaps best shown in their relative efficiencies in oil production versus the amount of land
that they occupy. Hence, land-friendly oil palm produces >90 Mt of oil on 29 Mha of land, with an
average oil yield of 3.3 t/ha. In contrast, the three land-hungry annual crops collectively produce 121
Mt of oil on a huge land area of 191 Mha, giving a much lower average oil yield of 0.6 t/ha. In this
study, the dichotomy between oil palm and the three major oilseed crops is examined further by
comparing their respective carbon emission and uptake dynamics. The analysis enables several
important conclusions to be drawn for high-level policy decisions on the use of limited land resources
for the sustainable production of vegetable oils in the context of factors such as climate change, threats
to food security, and performance of the global economy.
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1. Introduction

Vegetable oil crops are second only to cereals in their importance for human nutrition and
wellbeing. Oil-rich seeds and fruits were collected by human hunter-gatherers as foods and for other
purposes for over 100,000 years (Marquer et al, 2022). Oil-rich plants were also some of the earliest
crops selected for domestication by the first farmers. Examples include sesame and olive, which were
widely cultivated and traded across the Levant over 6,000 years ago, and oil palm, which was grown
in West Africa over 5,000 years ago and from where some of the oil was transported 3,000 km for use
in ancient Egypt (Murphy, 2008). Liquid oils (mainly from plants) and solid fats (mainly from
animals) typically make up 25-35% of adult daily energy needs. They also supply key nutrients, such
as essential fatty acids, the lipidic vitamins A, D and E, as well as important flavour compounds that
enhance the taste, odour and digestibility of many foods. In addition to their vital roles in human and
livestock nutrition, about a quarter of global vegetable oil output is used for a wide range of industrial
purposes.

Historically, many human diets were deficient in fats and, despite their increasing availability,
even today about 800 million people (10% of the global population) have suboptimal intakes of fat
for their daily needs. One remarkable aspect of oil crop production is its dramatic 900% increase from
26 Mt to 238 Mt in the 60 years between 1961 and 2021, during a period when cereal crops only
increased by 10% and the human population only increased by 270% (FAOSTAT, 2025; Meijaard et
al, 2024). In contrast, over the same period, per capita consumption of animal fats has remained
constant, although there are indications that it is now decreasing in some richer countries (Micha et
al, 2014). The increase in vegetable oil production, particularly palm oil, has helped reduce
undernutrition in lower-income countries in Asia (FAO, 2021; Sanders, 2024). While 72% of global
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vegetable oil production is used for human consumption, these versatile crops also supply a wide
range of renewable biofuels, as well as animal feed and oleochemicals (IUCN, 2024).

Today, vegetable oil crops and their derivatives are among the most traded agricultural
commodities, with 56% of the oils entering international supply chains, many of which span several
continents (Poore & Nemecek, 2018). As shown in Figure 1, these crops are grown worldwide and
currently occupy 540 Mha, which is ~37% of all agricultural land with an annual production value of
>$265 billion. Due to factors such as population increase, improved economic conditions, and
demand for biofuels, there is continued upward pressure on land use for oil crops, with estimates of
a further 14% production increase required by 2050 (IUCN, 2024). Such an increase would require an
additional 35 Mt oil and the conversion of an extra 10-40 Mha of already-scarce cropland. A
significant confounding factor that is becoming increasingly evident is that a combination of climate-
related events (including pest/disease outbreaks), sustainability concerns, and geopolitical
uncertainties are already threating existing vegetable oil supply chains, even without considering the
likely additional production required over the coming decades (Ritchie, 2024; FAOSTAT, 2025;
Syahid et al, 2025).

The global vegetable oil crop sector contributes to most of the 14 UN Sustainable Development
Goals (SDGs), in particular zero-hunger, good-health & well-being, and responsible consumption &
production (UN, 2022; Murphy, 2024a). While it is clear that vegetable oil crops continue to be
essential for food and non-food uses and that significant increases in their global production will be
required, there is also a growing realisation that this could come at a considerable cost in terms of
land use and optimal sustainability strategies. Similar concerns have been levelled at other aspects of
crop production and especially at the economic and environmental efficiency of different types of
cropping regimes. For example there is a growing realisation that new policies are required to utilise
the largely untapped potential of many perennial woody crops in addressing sustainable
development in many parts of the world (Martinez-Nunez et al, 2024).
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Figure 1. Global oil crop production in 2021. Although oil crops are grown worldwide, in terms of production
volumes per country, Indonesia and Malaysia clearly dominate due to the their highly yielding oil palm crops.
They are followed by much lower production volumes in the major annual oil crop producers such as USA,
Brazil, China and India. Sources: FAOSTAT, Meijaard et al 2024. .

Currently, annual crops make up about 75% of global cropland and edible calorie production
(Lobell, 2011), but their usefulness is limited by relatively low rates of carbon sequestration compared
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to perennial crops, especially in the tropics (Murphy, 2025). For example, agricultural soils in Europe
are estimated to sequester an annual <16-19 Mt C, which is less than one fifth of the theoretical
potential and equivalent to only 2% of European anthropogenic emissions (Freibauer et al, 2004).
Among the ameliorative measures proposed in the study were the introduction of perennial crops,
zero tillage, organic inputs, and raising the water table in arable peatland. However, the vast majority
of the three major annual vegetable oil crops are grown in highly mechanised but relatively low-
yielding industrial monoculture systems with high input requirements that include fertilisers,
biocides, and fossil-derived diesel fuel, all of which carry considerable amounts of embedded GHG
emissions.

In contrast, while perennial crops are less commonly cultivated than annual crops, they have
much greater potential in terms of future food security and environmental sustainability (Cox et al,
2006; Dawson, 2022). Perennial crops include many tree species that provide effective and diverse
wildlife habitats, extensive rhizosphere-friendly rooting systems that are not disrupted by annual
replanting, and greatly improved rates of carbon sequestration and storage (Kantar et al, 2016;
Kreitzman et al, 2020; Sprunger et al, 2020; Chapman, 2022; Meijaard et al, 2024). Perennial oil crops
in particular also lend themselves to cultivation via agroforestry, either using shade trees during the
first few years of growth or in mixed stands throughout their productive lives. Examples that have
been recently reviewed include oil palm, olive, cocoa, and coconut (Murphy, 2025; Rahmani et al,
2012; Rival et al, 2025). It was also reported that the growing areas of soybean, rapeseed, sunflower
are associated with the globally most threatened terrestrial ecosystems while coconut and oil palm
are grown in areas that are less critically threatened, (Meijaard et al, 2021; 2024). The dichotomy
between land-sparing perennial oil palm and the three land-hungry annual oilseed crops is shown in

Figure 2.
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Figure 2. Oil yields versus land use of the four major global crops in 2024. Source: Our World in Data.

One way in which tropical oil crops can address the current environmental crisis is by more
effectively sequestering CO: from the atmosphere which, as we will see below, is something that is
not possible with annual oil crops. This is an urgent priority because the global carbon cycle has
become dangerously unbalanced over the past 70 years due to the rapid and uncontrolled release of
COzfrom the use of fossil fuels (Murphy, 2020b; 2024c). This is shown quantitatively by data from the
Salk Institute, USA that reveal a global annual sequestration via photosynthesis of 677 Gt CO2 (Salk
Institute, 2025). Of this total, about 660 Gt CO:is re-released to the atmosphere via respiration by
plants and animals, meaning that in a fully balanced cycle there would be a modest net annual CO:
sequestration of 17 Gt. Unfortunately, however, anthropogenic CO:release, mainly from fossil fuels,
emits a further 34 Gt into the atmosphere, meaning that instead of a modest annual CO: sequestration
there is an ever-increasing net CO: emission rate of 16.3 Gt/yr. This net release of CO: into the
atmosphere has driven its inexorable rise over recent decades from 300 ppm in 1950 to 429 ppm by
2025, and is regarded as a major contributor to global climate change (Murphy, 2024c; 2025).

Recent research has highlighted the carbon sequestration potential of terrestrial vegetation as a
way of restoring the global carbon cycle alongside the ongoing efforts to reduce anthropogenic
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emissions (Lal et al, 2018; Mo et al, 2023; Murphy, 2025). This concept has been termed
‘recarbonization of the terrestrial biosphere” and croplands with high carbon sequestration potential
are important components of the strategy. Such measures have an estimated capacity of 367 Gt C
capture by the end of the 21+t century, which could reduce atmospheric CO:levels by 156 ppm (Lal et
al, 2018). To put this into context, atmospheric CO: levels remained below 300 ppm throughout
human history until the anthropogenic releases after the mid-20t century resulted in an
unprecedented rise to 429 ppm in 2025 (Murphy, 2025). A global audit of natural forests concluded
that there is a huge untapped potential to increase carbon sequestration via improved forest
management that could capture as much as 139 Gt C (Mo et al, 2023). Similarly, the optimisation of
land management, including cropland, could enable the sequestration of an additional 13.7 Gt C/yr
(Sha et al, 2022). Finally, the extension of tree planting in non-forest landscapes has been shown to
contribute to human wellbeing (Choksi et al, 2025).

In this study, the four principal global vegetable oil crops, oil palm, soybean, rapeseed and
sunflower, were compared with respect to their contrasting cultivation methods/locations, economic
yields, carbon emission/uptake dynamics and related sustainability criteria. It is concluded that,
while all four crops provide useful production systems for vegetable oils, there are clear benefits from
focusing more on perennial oil palm as a uniquely high-yielding, land-sparing crop where ongoing
environmental and yield improvements make it an ideal choice as the premier food and non-food
producer as the world faces an increasingly uncertain future.

2. Oil Palm

The African oil palm, Elaeis guineensis, is quantitatively the most important vegetable oil crop;
its 90 Mt/yr oil production comprises 40% of the global market and is worth an annual $77 billion.
Two oils are produced, mesocarp oil comprising 90% and kernel oil, comprising 10% of total. The
crop is grown between latitudes 10° N to 10° S across the humid tropics of Asia, Africa and
Central/South America (Feintrenie et al, 2025). However, 85% of global production is concentrated in
just two countries, namely Indonesia and Malaysia, as shown in Figure 3.

30°E
'
€
X
o
E
2L
E
<
Q
©
B 10
[
o 0

Figure 3. Global oil palm crop density map. The map shows the density of oil palm crops at 5 km resolution,
derived from the global oil palm layer for the period 2016-2021. Source: Descals et al, 2024.
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Unlike soybean plants, which typically reach a height of only ~60 cm, commercial oil palms grow
as tall perennial trees that can reach over 10 metres in height and are able to store an annual 2.5 t/ha
carbon during their productive lifetime of about 20 to 25 years. This primary productivity is
comparable to and can even sometimes exceed that of some tropical forests (Henson, 1999a; 1999b;
2017; Lamade & Bouillet, 2005; Sheil et al, 2009; Henson et al, 2012a; 2012b; Pulhin et al, 2014; Cheah
etal, 2015; Daud et al, 2019; Uning et al, 2020; PAPSI-Monitor, 2021; Alcock et al, 2022; Murphy, 2004b;
Murphy et al, 2005).

The carbon sequestration capacity of oil palm crops to produce vegetable oil is at least five-times
more efficient in terms of land use than that of the three major annual oil crops (Corley & Tinker,
2015; Sibhatu, 2023; Murphy, 2024b). The impressive photosynthetic capacity of oil palm is readily
apparent from simply looking at a plantation with its luxuriant foliage and plentiful woody biomass
that grows year-round for 25-30 years yielding an annual 3-4 t/ha oil. In contrast, the annual oil crops
consist of tenfold shorter leafy, non-woody plants that only grow for about four months/yr, and
require replanting ever year, while only yielding about 0.4-1.5 t/ha oil. Several studies have reported
oil palm net CO: assimilation rates that can be comparable to some tropical forests (Henson, 1999a;
1999b; 2017; Lamade & Bouillet, 2005; Sheil et al, 2009; Henson et al, 2012a; 2012b; Pulhin et al, 2014;
Cheah et al, 2015; Daud et al, 2019; Uning et al, 2020; PAPSI-Monitor, 2021; Alcock et al, 2022).

In addition to carbon stored in the trees themselves, oil palm plantations are highly efficient at
storing sequestered organic carbon in the soil, where a Mexican study found most accumulation
under frond areas and the wider palm circle (Brindis-Santos et al, 2021). In the soil, the estimated
carbon storage was 87 t C /ha and 67 t C /ha at depths of 20 and 60 cm, respectively. Regarding land-
use comparison, results indicate a small increase in carbon storage to 27% at 20 cm depth and 18% at
60 cm when comparing pastureland with oil palm plantations. However, secondary-growth forest
had a higher carbon storage compared to both other land uses (Borchard et al, 2019). Soil organic
carbon (SOC) was also higher by 16-27% in oil palm plantations than in pastureland, which was
similar to data from grassland to oil palm in 6-, 9-, 12- and 25-year old plantations in Indonesia
(Goodrick et al, 2015). The incorporation of fallen biomass from oil palm plants therefore acts as an
organic input providing favourable conditions for soil health, which was evidenced by the increased
amount of SOC in the management areas receiving the largest quantities of organic residues under
plants. As noted by Trenberth & Smith (2005), the stock of SOC in the terrestrial biosphere is linked
with overall atmospheric CO: concentrations. Subsoil layers at >30 cm depth are an important
reservoir of long-term sequestered carbon that can be thousands of years old (Button et al, 2022). The
composition and age of subsoils in oil palm plantations has been little studied and could represent a
hitherto unrecognised element in their capacity to store carbon.

Similarly to soybean, the impact of historical oil palm expansion on carbon emissions has
received considerable attention, although there has been a tendency in some quarters to ignore or
downplay more recent positive developments. A particularly contentious issue had been the use of
tropical peatland, especially deep-peat soils, for conversion to oil palm plantations. The clearance of
forests and drainage of peatlands for oil palm emits substantial carbon dioxide (Wijedasa et al, 2016),
and generates local climate change (McAlpine et al, 2018). However, considerable progress has been
made in addressing the peat issue in recent years. For example, by rewetting drained peatlands on
oil palm plantations in West Kalimantan, Borneo where it has been claimed that this could reduce
CO:z emissions by as much as 3.9 Mt/yr (Parish, 2023; Novita et al, 2024). Recent mapping data also
show that across all regions of Indonesia o0il palm planting peaked from 2009-2012 and has
subsequently declined 8-fold, while the proportion of peatland was never more than 21% of the
converted crop area and is now reduced to 7% (Nusantara Atlas (2025). This underscores the need to
contextualise the peat issue as being historically constrained and not applying to oil palm cultivation
as a whole.

Oil palms can maintain high rates of carbon uptake and their oil can be converted to biodiesel
and used to substitute for fossil fuels (Quezada et al, 2019). However, in terms of carbon balance, oil
palm biodiesel cannot offset the carbon released in the case of forests peatlands drained over short or
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medium timescales (Searchinger et al, 2018). Moreover, the carbon opportunity cost of oil palm,
which reflects the ability of the land to store carbon if it is not used for agriculture, does not differ
significantly from annual vegetable oil crops (Searchinger et al, 2018). Clearly oil palm production
systems are much more complex than those of the annual oil crops, but there are many field studies
up to plantation level that investigate strategies for biodiversity enhancement, including linking
cropping areas with natural forests via corridors for both plants and animals (Woodham et al, 2019;
Luke et al, 2020). Even within large commercial plantations, which can extend over many hundreds
of hectares, floral islands consisting of natural vegetation can be created (Masure et al, 2023; Zemp et
al, 2023).

There are many ways in which both the existing yield performance and environmental impacts

of oil palm cultivation can be considerably improved so that this already immensely productive crop
can be made an even more effective way of addressing future needs for renewable oil supplies. For
example, further cropland expansion can be minimised by increasing the already high oil yield by
replanting with existing superior genotypes, avoiding all use of peatland and other sensitive natural
biomes, by improving the management of existing plantations, and by modernising the operation of
mills and refineries to include the capture of waste methane and its use for power generation
(Murphy et al, 2021, Murphy, 2024b; Shehu, 2025). Among all the major oil crops, oil palm requires
the least amount of fertiliser to produce a tonne of oil while the fertiliser efficiency for other oil crops
varies according to specific crop requirements and agronomic practices (Viglione, 2022).

As noted below in more detail, annual crops such as rapeseed and sunflower are already
experiencing adverse effects of climate change (Chain Action Research, 2018; World Business Council
for Sustainable Development (WBCSD), 2023; Qian et al, 2018; Pullens et al, 2019; Debaeke et al, 2017;
Murphy, 2024a). In the case of oil palm the situation is less clear, although long-term scenarios based
on initial modelling approaches are pessimistic (Paterson, 2020; 2021). More recently, the use of
remote sensing has enabled a more precise evaluation of the spatiotemporal variation of oil palm
yields in Indonesia and Malaysia (Syahid et al, 2025). Data from the past two decades indicate that
by far the greatest drivers of yield variation are climatic factors, with other drivers including
management practices, climatic conditions, plant age, and the use of peatland (Syahid et al, 2025).

There are likely to be pressures to expand oil palm cultivation in the future and, while this is
possible, it is important that it is not self-defeating in terms of replacing tropical forests that are
already highly efficient carbon sequestration systems. One of the ‘mew frontiers’ of oil palm
cultivation is in South America where much of the expansion has been smallholder-driven conversion
of non-forest land. Unfortunately some industrial-scale monocultures have also been planted on
forest land (Masure et al, 2023) although this often carries a commensurate penalty in terms of lower
rates of lower carbon sequestration (Hergoualc’h et al, 2025). The use of optical and radar imagery
analysed with 95% accuracy by the Random Forest algorithm is now enabling a greater transparency
in the use of remote sensing to determine the real extent of crop expansion, including oil palm, in the
tropics. For example, between 2014 and 2020 the oil palm area in eastern Amazonia expanded by
>72% to 0.18 Mha, although on the plus side, only 20% of this expansion was at the expense of natural
vegetation (De Barros et al, 2025). Another interesting use of remote sensing has shown that there are
extensive areas of hitherto unreported oil palm cultivation in Africa where as much as 6-7 Mha of
this cryptic cropland is present adjacent to village smallholdings (Descals et al, 2025).

Another strategy to promote more effective carbon sequestration is to grow perennial tropical
crops as part of agroforestry systems (Albrecht & Kandji, 2003; Kumar & Nair, 2011; Dhyani et al,
2020; Ghale et al, 2022; Messier et al, 2022). It was estimated that such agroforestry systems could
sequester up to 0.23 Mt C/yr (Albrecht & Kandji, 2003). However, efforts to quantify the sequestration
potential of agroforestry systems are notoriously difficult to achieve and some quoted values should
be treated with caution (Kumar & Nair, 2011; Ghale et al, 2022). The two major cultivation techniques
for oil palm crops, namely large-scale commercial plantations covering thousands of hectares versus
family-run smallholder plots of a few hectares, are quite different in their suitability for agroforestry.
In general smallholder plots are often already cultivated as part of a mixed-use system that can
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include other ground-cover and cash crops. One of the drawbacks for smallholders is that, despite
their environmental advantages, agroforestry systems can be more difficult and risky to manage.
Nevertheless, numerous recent studies have highlighted the benefits of agroforestry for oil palm
smallholders across the world (Rahmani et al, 2021; Masure et al, 2023; Braga et al, 2024; Hendrawan
& Musshoff, 2024).

In contrast, the vast majority of large-scale commercial plantations are currently run as
monocultures, albeit with additional volunteer vegetation such as shade-tolerant species and the
temporary use of leguminous ground cover during the first few years after planting. However,
introduction of long-cycle food crops into newly established monocrop palm plantation has been
associated with delayed production and a decrease in palm yields over the longer term (Rafflegeau
et al, 2010; Koussihouedé et al, 2020; Masure et al, 2023). Despite this, there is an increasing body of
research into the potential of commercial oil palm cultivation to embrace agroforestry in some
circumstances as part of a wider effort to increase the environmental credentials of the crop
(Khasanah et al. 2020; Ahirwal et al 2022; Deines, 2024). A recently reported option is to establish
agroforestry schemes with species such as Coffea liberica and Shorea balangeran in threatened peatland
ecosystems as a way of enhancing the carbon footprint and economic value while also limiting forest
conversion (Frianto et al, 2024). Another recent initiative is the TRAILS multidisciplinary approach
involving mixed tree plantations, interplanted rows, and forest islands (Rival et al, 2025). The forest
or tree island concept is shown schematically in Figure 4.
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Figure 4. Oil palm agroforestry and tree islands. Tree island areas range from 25 to 1,600 m” with 0-6 planted
species, with 52 islands in an oil palm plantation in Indonesia. Control plots are conventional oil palm

monocultures. Source: Meijaard et al, 2024, based on Zemp et al. 2023.

As noted repeatedly in this report and elsewhere, one of the outstanding characteristics of oil
palm crops is their high yield of oil per hectare, which greatly outstrips the yields of all other oil
crops. However, there is a long-standing conundrum in the oil palm sector, namely the failure of oil
yields to increase over time, despite advances in breeding and agronomy. Indeed, the stagnation in
oil yields has more recently turned into a significant decline — a phenomenon that has been discussed
by the author and other experts for over several decades (Henson, 2002; Murphy, 2009; 2014; USDA,
2012). This situation is in stark contrast with the annual oil crops, all of which have seen a doubling
or even trebling of average oil yields over the past few decades (Chandran, 2019; Pilorgé et al, 2020;
Our World in Data, 2025). As early as 2000-2002, the stagnation in oil yields in Malaysia was the
subject of concern by several authors (Tinker, 2000; Pushparajah, 2001; Henson, 2002; Jalani et al,
2002). In 2002 it was concluded that Malaysian oil palm yields had been static since 1976, with an
average of 3.63 t/ha (Henson, 2002). USDA data then showed a transient yield increase in the early
2000s but this was followed by a decline in the early 2010s (USDA, 2012). As recently as 2025, the
ongoing yield decline was labelled as one of the ‘inconvenient truths’ (alongside lack of replanting,
Ganoderma spread, labour issues, and mechanisation) that bedevil the industry (Lee, 2025).

Although oil yields vary considerably according to factors such as plantation age and efficiency
of agronomic and management practices (Woittiez et al, 2017; Monzon et al, 2023), it is still surprising
that the latest data from Statista shows a global average yield of only 3.3 t/ha, which is less that the
average Malaysian yield of 3.63 t/ha from almost half a century ago. Even more puzzling is that, at
the same time, some plantations report yields in the region of 6.3 t/ha in Malaysia and 5.4 t/ha in
Indonesia (Salim, 2024). Also, Sime Darby (now called SD Guthrie) in 2020 announced new high-
yield GenomeSelect™ breeding lines, with a claimed 9.9 t/ha average yield over 5 years in field trials
under optimum conditions, that are scheduled for large-scale production in 2025 (Shankar, 2021; SD
Guthrie, 2023). Estimates of the maximum yield potential in the literature vary significantly from 12
t/ha, as already achieved on a small scale, to 18.7 t/ha in simulation models (Woittiez et al, 2017).
Further yield improvements could come from redesign of the crop architecture similarly to the
breeding of semi-dwarf cereal crops that underpinned the ‘Green Revolution’ of the 1960s and 1970s
(Murphy, 2008; Zubaidah & Said, 2022). Other examples of strategies for yield improvements by both
smallholders and commercial growers include reducing the harvest cycle length from 19.6 to 8.3 days
(Escallon-Barrios et al. 2020) and measures such as more effective weed management, pruning,
nutrient application and using appropriate harvesting criteria such as the amount of loose fruits
instead of bunch colour (Lee et al, 2014; Mohanaraj & Donough, 2016; Monzon et al, 2023) Innovative
new ideas for ‘smart’ oil palm mills have also been advanced (Isaac, 2019) as well as the use of digital
technologies, such as blockchain, to enhance the performance and transparency of supply chains
(Keong, 2019).

Therefore there is a great deal of unrealised potential for significant increases in oil yields with
a doubling to 6-7 t/ha already feasible simply by management improvements, and a possible trebling
to 10 t/ha possible in the medium term using a combination of best practices and superior breeding
lines. To summarise, oil palm crops produce an impressive 90 Mt/yr oil on a relatively low land area
of 29 Mha. As a perennial tree species with a 25-30 yr growing cycle, it has a very high capacity to
sequester atmospheric CO:2 and, in addition to its oil-rich fruits, it produces large quantities of useful
lignified biomass. A further benefit is that the crop is mostly rainfed and has relatively low fertiliser
requirements.

3. Soybean

Soybean, Glycine max, is the second most productive vegetable oil crop after oil palm. Its annual
68 Mt/yr oil yield on a land footprint of 130 Mha comprises 27.8% of the global oil market and is
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worth an annual $78 billion. This annual crop is mainly grown in warm climates between latitudes
30° N to 45° S with three countries, Brazil, USA and Argentina, accounting for 80% of global
production (see Figure 5). The crop has a brief growing season of 120 days and reaches a mature
height of only 0.6-1.0m. Although the oil is important, it only makes up 20% of seed weight and the
main economic products of the annual 422 Mt of soybean production are the intact grain and the
protein-rich meal, meaning that 80% of the crop is fed to livestock, especially beef and dairy cattle
and poultry for meat, milk and egg production, plus a smaller amount used for foods such as tofu
and soy milk (UFOP, 2021). The major centres of soybean oil consumption are China, USA and India
where it is primarily used for human consumption with smaller amounts used for industrial
purposes such as biodiesel and oleochemicals.

Its fatty acid composition is similar to the two other major annual oils, rapeseed and sunflower,
albeit with high-oleic varieties increasingly being grown due to their superior nutritional and
technical performances. For example, high-monounsaturate oils are widely marketed for healthy
diets, in order to avoid trans-fats generated by hydrogenation, for increased stability for both
domestic and commercial frying, and for their benefits when used in livestock feed (Baer et al, 2021;
Hanno et al, 2024; Oviedo-Rondon, 2024). In recent years, high polyunsaturated oils, including most
commodity varieties of soybean and sunflower, have lost an annual market share (totalling 4 Mt for
soybean oil) in many edible sectors due to mandatory trans-fat labelling and avoidance of w-6 linoleic
acid (United Soybean Board, 2024). In some cases, such as solid fats, palm oils (olein and stearin
fractions) have benefited as substitutes for soybean oil, but the rollout of high-oleic soybean varieties
is now underway, although it is proceeding at a puzzlingly slow pace in the USA (United Soybean

Board, 2024).
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Figure 5. Soybean crops in 2024. The map shows the major centres of production in Brazil, USA and Argentina.
Note that crop conditions were generally favourable with the exception of the drought-affected Brazilian

cerrado. Source: Global Agricultural Monitoring. .

In recent years, soybean cultivation has come under increasing scrutiny due to its high land use
and carbon footprints that have followed a tenfold production increase between 1961 and 2021, much
of which was in Brazil (Ritchie, 2021). The role of this additional soybean cultivation in deforestation
is much debated, but it is clearly a contributing factor, in tandem with land clearances for cattle
pasture and small-scale farming, that contributes to increased forest loss in Brazil (Rudorff et al, 2011;
Tyukavina et al, 2017; Soterroni et al, 2019; Kuschnig et al, 2021; Ritchie, 2021). On the plus side,
regarding carbon sequestration by soybean crops, a recent study in part of Mato Grosso State in Brazil
reported that rates of assimilation were higher than CO:emissions caused by some of the
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anthropogenic activities during cultivation, albeit in the context of remediation measures such as
rotations with cereals and no-till in order to retain soil carbon (Agomoh et al, 2021; De Lima et al,
2022; Toloi et al, 2024). In a direct comparison between soybean and oil palm the LUC cost for
transitions from natural vegetation to cropland on mineral soils over a 20-year period ranged from
-4.5 to 29.4 t COz-eq/ha/yr for oil palm, whereas soybeans had a much higher range from +1.2 to
47.5 t COz-eq/ha/yr (Flynn & Canals, 2012).

In a recent review, the issue of deforestation caused by the rapid expansion of soybean
cultivation was addressed (Murphy, 2024b). In the short to medium term, such deforestation is
principally caused by economic factors. Hence, forest clearance for pasture or soybean cultivation in
Brazil is often motivated by prospects of increased future demand for meat or grain products.
Another factor is that, after a few years, forest land cleared for soybean production often becomes
less productive as nutrients are depleted or the soil structure is otherwise unsuitable, which can lead
to yet more rounds of self-destructive land clearance (Critchley & Bruijnzeel, 1999; Odhiambo, 2022;
Pendrill et al, 2022a). There are some parallels here with the responses to previous expansion in oil
palm cultivation (Bausano et al. 2023; WTO, 2024) although, as noted above, this has been greatly
reduced since the 2010s (Murphy, 2024b). In the case of soybean, there has been some pressure for
downstream users and/or governments to impose moratoriums and/or voluntary restrictions on
soybean products including those derived from its oil (Leijten et al, 2023).

A major drawback of such measures is a danger that the restricted crop is simply grown
elsewhere, a phenomenon known as ‘leakage’ (Villoria et al, 2022). As noted by Murphy (2024b), the
EU is a major proponent of moratoriums related to deforestation, but in late 2024 it was obliged to
postpone the implementation of its controversial scheme known as European Union Deforestation
Regulation (EUDR) (Hasan et al, 2025; World Economic Forum, 2025). One of the issues regarding
soybeans is that the EU is a major importer and hence complicit in their embedded or embodied
tropical deforestation. In recent years the EU was obliged to recognise that its soybean imports are in
effect outsourcing the environmental impact of its own food consumption and hence shifting it to
growing countries, mostly in the tropics. By this logic, it was estimated that such outsourced tropical
deforestation makes up one sixth of the carbon footprint of a European citizen’s diet, although this
figure is often allocated instead as a carbon debit for the producing countries (Bausano et al, 2023;
Joint Research Centre, 2024). As applied to the consumption of imported oil palm products, it is
estimated that a typical European citizen has been responsible for the historical deforestation of 40 to
80 m? of tropical forest (Bausano et al, 2023). One caveat here is that there have been allegations that
parties on all sides sometimes use moratoriums based on such data to restrict certain crop imports to
protect local markets rather than for environmental reasons (WTO, 2024).

As expected for such a short, non-woody crop that actively photosynthesises for a only few
months each year, soybeans do not contribute greatly to carbon sequestration and are far less effective
than tropical tree crops in terms of balancing the global carbon cycle (Murphy, 2024b; 2024c). Indeed,
the crop has a strongly negative net carbon balance. The 160% expansion in Brazilian soybean
cultivation since 2000 has mainly taken place in high biodiversity value biomes, such as tropical
forests and cerrado (Delzeit et al, 2017); Meijaard et al, 2024). It was recently estimated that soybean
production in the Brazilian cerrado, where much of the crop is grown, resulted in net CO2 emissions
of ~52 Mt/yr, primarily due to LUC (42%) and road transportation (26%) (Meijaard et al, 2024).
Soybean production in cerrado biomes accounted for the entire emission footprint of the crop.
Deforestation-induced microclimate changes were also noted, with local temperatures rising by
<3.5°C following forest clearance and a 44% reduction in evapotranspiration in converted areas
(Chain Action Research, 2018; World Business Council for Sustainable Development (WBCSD), 2023).
These shifts could generate a 12% decrease in soy yield, resulting in an annual income loss for
growers of $100/ha. Unfortunately, such losses could increase pressures for yet more land clearance
and/or further unsustainable intensification practices in order to recoup the lost investments and
profits.
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In summary, soybean produces a substantial 68 Mt/yr oil yield, but requires a very large land
area of 130 Mha. During its relatively short annual growing season it has a low capacity to sequester
atmospheric COz and apart from its seed, it produces very little useful biomass. The crop also requires
high mineral fertiliser inputs for commercial yields and can have high LUC, and hence GHG
emission, costs unless alternative cultivation measures such as no-till are used to retain soil carbon.
Similarly to oil palm, but more recently, soybean cultivation has come under increasing scrutiny due
to its expansion into high-biodiversity tropical regions, such as Amazonia and the cerrado in Brazil.
Unlike oil palm, however, much of the newly converted soybean cropland is used to supply the
animal feed industry either locally or via export, especially to China.

4. Rapeseed/Canola

Rapeseed (canola), Brassica napus, is the third most important vegetable oil crop and its 27 Mt/yr
oil production comprises 13.4% of the global market, worth an annual $32 billion. This annual crop
is grown over 37 Mha, mainly across the temperate latitudes of 20° to 55° N and 20° to 40° S (see
Figure 6). The major rapeseed exporter is Canada while other centres of production such as Europe,
China and India, largely supply local markets (Rapool, 2024; USDA, 2025). Over recent years the
rapeseed market has been in a state of flux, especially in Europe where large quantities of the oil were
diverted away from edible consumption and instead used for the manufacture of biodiesel fuel.
Climatic factors have also affected both Canadian and European rapeseed production with some of
the shortfall being supplied by imports from Australia and from a surprisingly resilient Ukraine
(Farmonaut, 2025).

In milder climates rapeseed is sown in early autumn and overwinters as a small ground-hugging
rosette that has a brief growing season of ~90 days, while in cooler climates, such as Canada and
Scandinavia, the crop is sown in spring and has a longer ~180 day growing season. In both cases the
mature crop is 1.0 — 1.7m in height. Rapeseed oil originally mainly contained the C22
monounsaturate, erucic acid, but in the 1960s new varieties enriched in oleic acid were developed
and these now make up >99% of global crop production. Meanwhile the early reports on the putative
toxicity of erucic acid to humans have been challenged and high-erucic oils are still commonly
consumed in Asia (Galanty et al, 2023; Mohanty et al, 2025). Commodity rapeseed oil is now
categorised as a high-oleic product with 70-80% levels of this monounsaturate that are comparable to
other annual crops, such as soybean and sunflower, and the perennial-crop-derived olive oil (Raatz
et al, 2018; Pilorgé, 2020; Murphy, 2024a).

Rapeseed is a similar crop to sunflower in which the major economic product is an oil that makes
up about 45-50% seed weight, plus a much smaller meal fraction used as a byproduct for animal feed.
Annual production of rapeseed meal is only 39 Mt whereas that of soybean meal is 252 Mt. Both
rapeseed and sunflower crops have high chemical input requirements although rainfed rapeseed
varieties, some of which are moderately drought tolerant, can be grown in climates as diverse as
Finland in Northern Scandinavia to the more arid regions of Rajasthan in India (Kaur & Singh, 2023).
In terms of future climate impacts, modelling data show that both rapeseed and sunflower crops face
considerable challenges. For example, rapeseed yields might decline between 25-42% by 2070 in
Canada (Qian et al, 2018), with similar predicted decreases in Europe, particularly in southern regions
(Pullens et al, 2019).

In a recent study, the use of different cropping systems was analysed in potentially susceptible
regions in eastern Canada (Ma et al, 2023). The authors identified that cool season rapeseed
production is threatened by increasing heat and drought stresses with a need to develop new
agronomic solutions, such as eco-friendly fertilisers, stress-resistant varieties, use of plant growth-
promoting bacteria and beneficial micronutrients to mitigate abiotic stresses. They reported that crop
rotations significantly improved yield while lowering the overall C footprint. For example, compared
to continuous monocultures of rapeseed, maize or wheat, diversified cropping systems increased
crop yields by an average of 32% and reduced the C footprint of all rotations by 33%, except under
severe heat and drought conditions (Ma et al, 2023).
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Figure 6. Major centres of Rapeseed cultivation in Canada and Europe. Cultivation in Canada is concentrated in
the southern prairie regions. In Europe, the main crop is the winter variety grown between 45°N and 55°N.

Sources: USDA, Statistics Canada.

In one of the few direct comparisons of the carbon footprints of rapeseed and oil palm using an
LCA SIMAPRO approach, the carbon footprints of field growth and oil processing stages were 1.05
and 0.88 t COz-eq/t oil respectively, showing a favourable footprint for oil palm versus rapeseed
(Tarigan et al, 2025). Interestingly, the combined LUC field growth and processing footprints were
also favourable for oil palm grown on mineral soils, which had a lower score of 2.37 t COz-eq/t oil
than rapeseed at 3.14 t CO2-eq/t oil. The two main factors for lower overall LCA scores for rapeseed
crops were their comparatively low yields and higher fertiliser requirements. As discussed above,
however, when a similar analysis was performed using data from oil palm grown on peatland, the
LCA score was highly unfavourable compared to rapeseed (Tarigan et al, 2025).

There are significant concerns about limitations in many of the approaches to LCA taken in
studies over the past few decades, and especially their reliability in providing robust data for
addressing important policy issues, e.g. regarding agriculture and climate change. For example,
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individual lobby groups including industry concerns and NGOs sometimes provide misleading data
that is then incorporated into the official policies of governments and supranational groups such as
the EU. Hence in a study by scientists from Jena, Germany, serious deficiencies were uncovered in
baseline data used in the EU Renewable Energy Directive (RED) that related to the supposed ability
of rapeseed biodiesel to save GHG emissions (Pehnelt & Vietze, 2012). In the words of the authors
“... we are not able to reproduce the GHG emissions saving values published in the annex of RED. Therefore,
the GHG emissions saving values of rapeseed biodiesel stated by the EU are more than questionable. Given
these striking differences as well as the lack of transparency in the EU’s calculations, we assume that the EU

seems to prefer ‘politically’ achieved typical and default values regarding rapeseed biodiesel over scientifically

proven ones” (author stress).

One criticism of classical LCA studies is their poor spatial and temporal resolution (Reap et al.,
2008). This can be addressed by improving the spatial and temporal heterogeneity of LCA by
integrating geographic information systems (GISs) (Gasol et al, 2011; O'Keeffe et al., 2016b; Escobar
et al, 2020; Yang et al, 2022). As part of this approach, remote sensing technology has recently been
used for an improving rapeseed carbon footprint evaluation in the Chengdu rapeseed producing area
of China (Yang et al, 2024). These more detailed data reinforce other studies from Latvia (Fridrihsone
et al, 2020) concerning the role of inorganic fertiliser as a major component of both upstream and
downstream GHG emissions during rapeseed cultivation. The latter LCA studies also show that
autumn-sown rapeseed crops result in much lower GHG emissions compared to spring-sown
varieties as well as higher oil yields in the former case.

A frequently overlooked aspect of both rapeseed and soybean cultivation is their negative LUC
impact on biodiversity and carbon sequestration compared to the original vegetation in temperate
regions such as Canada. For example, 49 Mha of forest loss occurred in Canada due to new rapeseed
and soybean planting between 2001 and 2022 (Meijaard et al, 2024). Similarly, the replacement of
temperate prairie/steppe native grassland with rapeseed, as has been the case in much of North
America, can result in reduced net rates of carbon sequestration. The only example of a positive LUC
outcome was the use of no-till, manure-enhanced rapeseed in which case where the crop stored
11.75 t carbon/ha more than the native vegetation (Alcock et al, 2022). In summary, rapeseed
produces a modest 27 Mt/yr oil on a relatively large land area of 37 Mha. During its relatively short
annual growing season it has a low capacity to sequester atmospheric CO: and, apart from its seed,
it produces very little useful biomass. The crop also requires high mineral fertiliser inputs for
commercial yields and can have high LUC, and hence GHG emission, costs unless rotation systems
are used for cultivation.

5. Sunflower

Sunflower, Helianthus annuus, is the fourth most important vegetable oil crop which has
experienced a five-fold production increase between 1975 and 2018 (Vear et al, 2003; Pilorgé, 2020).
Currently, its 21 Mt/yr oil production make up 13.4% of the global vegetable oil market and is worth
an annual $21 billion. It is grown in many temperate climates as a short-season annual crop across
latitudes from 50° N to 45° S. As shown in Figure 7, about two thirds of global sunflower cultivation
takes place in the southern part of Europe, from Iberia to the Urals. Russia and Ukraine alone account
for almost half of global production, although this has decreased since the 2023 Russian invasion of
Ukraine and the subsequent disruption of supply chains of both grain and refined oil. Other smaller
centres of production are found in Argentina and the prairies of North America. Global production
of sunflower oil uses a crop area of 26 Mha with a current value in the range of $20-25 billion.
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Figure 7. Global distribution of sunflower production. Sunflower production is mainly concentrated in southern

Europe, especially in Ukraine and western Russia. Source: Pilorgé et al, 2020.

Mature sunflower plants typically reach 1-2m in height by the end of their ~120 day growing
season. The crop yields 0.9-1.2 t oil/ha, which is comparable to rapeseed and higher than soybean,
but far less that oil palm. There are three major types of sunflower crop, namely the main commodity
varieties with a market share of >90% that contain 70% linoleic acid in their oil, plus several newer
varieties with a market share of ~10% contain either mid-oleic (65%) or high oleic (<85%) seed oils
(Cognitive Market Research, 2025). The mid- and high-oleic sunflower varieties have favourable
nutritional properties and command a price premium as they compete with other high-oleic
vegetable crop varieties, including soybean (73%) and rapeseed (75%) (Raatz et al, 2018; Pilorgé, 2020;
Business Research Insights, 2025).

Although sunflowers are relatively tolerant to low soil moisture, irrigation is still required for
optimal yields where it can provide a productivity benefit of 3.5-fold compared to rainfed crops
(Figueiredo el al, 2017). In major production areas such as Ukraine sunflower crops have a high
environmental water stress index responsible for 70% of the blue water footprint of the oil (Jefferies
et al, 2012). Sunflower production often occurs under semi-arid conditions that are associated with
low potential for carbon sequestration (Figueiredo el al, 2017; Debaeke & Izquierdo, 2021; Pacci &
Dengiz, 2023). These factors render sunflower cultivation susceptible to most climate-change
scenarios, especially in Europe where any improvement in northern latitudes, such as Germany,
would be greatly offset by declines in southern and eastern regions, particularly in Mediterranean
biomes where a 2°C temperature rise could reduce yields by 5-20% by 2030 (Debaeke et al, 2017;
Murphy, 2024a).

There are relatively few published studies of sunflower crops regarding their carbon
sequestration credentials, GHG emissions or LCA costs. However, in general sunflowers tend to be
similar in most aspects to other annual oil crops in terms of comparatively low oil yields and high
input requirements (Suardi et al, 2024). In terms of its wider environmental performance, the energy
demand of sunflower, as estimated in Chile, was 6.4 GJ/t seed, with mineral fertilisers responsible for
the highest environmental impact (Iriarte et al, 2010). It was recommended that the use of degraded
grassland for future could considerably reduce the LUC cost and hence reduce net GHG emissions.
In a comparative study of soybean and sunflower production systems in the Brazilian cerrado biome,
both oil crops had higher climate impacts, measured as net COz-eq, when grown as continuous
monocultures in comparison to within crop rotations (Matsuura et al, 2017). Interestingly, one
possibility is to alternate soybean and sunflower crops in a legume/non-legume rotation system in
which both partners are vegetable oil producers.
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In a comparison of the environmental impacts of major vegetable oil crops, the estimated GHG
emissions of both sunflower and rapeseed oils were ~3kg CO:z-eq while the land use requirement of
sunflower was higher at 18 m?/yr to produce 1kg oil with rapeseed requiring 10 m?/yr in comparison
to the extremely low footprint of oil palm at a mere 2.4 m?/yr (Poore & Nemecek, 2018; Meijaard et
al, 2024). However, caution is necessary for extrapolating from localised studies of crops (such as
sunflower) in one region to crops in other disparate regions of the world where agronomic practices
may be quite variable. In one example, an LCA study of sunflower oil for biofuel use in Italy revealed
very large variations in the calculation of the CO: equivalent emissions even within this well-defined
and limited LCA value chain (Chiaramonte & Recchia, 2010).

In summary, sunflower produces a modest 21 Mt/yr oil on a relatively large land area of 26 Mha.
During its relatively short annual growing season it has a low capacity to sequester atmospheric CO:
and, apart from its seed it produces very little useful biomass. The crop also requires irrigation and
high mineral fertiliser inputs for commercial yields and can have high LUC, and hence GHG
emission, costs unless degraded grassland is used for cultivation. Finally, future oil yields of
sunflowers are probably more susceptible to predicted climatic shifts that entail more erratic rainfall
patterns.

6. Environmental Comparisons Between the Major Vegetable Oil Crops

Over recent years several empirical studies and analytical reviews have focused on more in-
depth and realistic assessments of the environmental costs of the major vegetable oil crops and their
respective capacities for carbon sequestration (Mufioz & Dalgaard, 2014; Schmidt, 2015; Alcock et al,
2022; Murphy, 2024b; Safitri et al, 2024; Murphy et al, 2025; Murphy et al, 2005). One of the most
contentious issues is the LUC costs of oil crop cultivation although, as discussed above in section 2,
caution should be applied when using either LUC or LCA data unless their reliability, scope and
provenance are fully investigated. Regarding oil crop LUC data, the received wisdom in many
quarters has long been that oil palm fares far worse than annual crops, despite its lower land footprint
and higher oil yields. However, when the emissions for transitions from natural vegetation to
cropland on mineral soils in 20 oilseed producing countries were assessed over a 20-year period, the
oil palm values ranged from -4.5 to 29.4 t CO2-eq/ha/yr whereas soybeans ranged from +1.2 to 47.5
t COz-eq/ha/yr (Flynn & Canals, 2012).

A comparison of the four major vegetable oil crops also concluded that optimal results in terms
of carbon storage potential were associated with high-yielding crops or, less frequently, by growing
moderate-productivity crops on land that was previously of low native productivity (Alcock et al,
2022). In another study, the water footprints of various oil crops and their water requirements for
producing a tonne of oil varied considerably with the highest water footprint found in sunflower at
6,800 m3 while soybean, rapeseed, and palm oil required 4,200 to 5,000 m3 (Mekonnen & Hoekstra,
2010).

LCA data can be equally complex and problematic in terms of their interpretation, particularly
when new evidence is found that contradicts some of the previous assumptions, some of which have
become enshrined in current policies by governments or trading bodies. Hence, there are concerns
that energy requirements for oilseed crop cultivation, most of which comes from fossil fuels, have
been underestimated. For example, recent meta-analysis data suggest that the energy consumption
of open-field agriculture in the EU, most of which comes from non-renewable sources, has been
greatly underreported (Paris, 2022). In particular, significant energy inputs such as mineral fertiliser
and pesticide production are not necessarily assigned to the agriculture category and might not even
appear on an LCA crop audit. The authors conclude that: “there is need for the development and
application of detailed and standardized methodologies for energy use analysis of agricultural systems” (Paris,
2022). It appears that the scope and methodologies used in many LCA studies tend to lack
consistency, even within a single region such as Europe (Paris, 2022). This makes it difficult to use
LCA data to compare different cropping systems worldwide and to draw reliable conclusions about
their respective merits and demerits.
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As noted previously, most LCA studies have inherent limitations but their data can still be
useful, providing these limitations are recognised. For example, the LCA performance of oil palm
was found to be comparable to, and sometimes superior to, temperate oil crops (Schmidt, 2015). Other
examples include studies of water-use efficiencies, which showed that palm oil had considerably
higher efficiencies than other crop oils and was even more effective compared to animal-based fats
(Sadras (2008; Mekonnen et al, 2010; Safitri et al, 2024; Boev, 2024; Mufioz & Dalgaard, 2014). In
another study, the environmental performances of five major vegetable oil crops were also compared
(Munoz & Dalgaard, 2014). For GHG emissions (including potentially misleading LUC data), the
three major temperate oilseed crops had lower levels than oil palm, whereas for land use efficiency,
the situation was reversed, with the oilseed crops performing significantly worse. In contrast,
sunflower and rapeseed scored better in this study than oil palm and soybean in terms of water use
efficiency, although this was contradicted by the studies of Mekonnen & Hoekstra (2010) and Jefferies
et al (2012).

In another study, oil palm performed better for GHG emissions provided that methane capture
at mills was employed (Efeca, 2022). On the negative side, when LUC was incorporated into the LCA
calculations, GHG emissions from oil palm crops were always substantially increased, an effect that
was (unsurprisingly) most marked when considering crops grown on peat-rich soil. Unfortunately
the complexity of peat soil composition means that carbon flux data can vary considerably between
regions, and even within a single large plantation where several types of peat may be present. It also
means that the auditing of carbon flux on former peatland can be imprecise and this is reflected by
the wide variations in published data as recently reviewed by (Murphy, 2024b). More recent analyses
have given some cause for qualified optimism regarding the reversal of some of the initial LUC
damage in the case of peatland conversion to oil palm. Hence, the rewetting of drained peatlands on
oil palm plantations in West Kalimantan, Borneo that have become degraded has been claimed to
reduce CO:z emissions by as much as 3.9 Mt/yr (Parish, 2023; Novita et al, 2024). This is particularly
interesting in view of the growing calls for the withdrawal of peatlands from oil palm cultivation
(Afriyanti et al, 2019). Other efforts are underway to restore or otherwise ameliorate the damage done
to tropical peatlands, for example by minimising drainage (Daud et al, 2019; Scholz et al, 2023; Yunus,
2024). Meanwhile recent evidence shows that peatland has declined from 21% to a mere 7% of oil
palm land conversion (Nusantara Atlas (2025).

Other measures for reducing land use requirements, and hence decreasing LUC values, include
breeding for increased oil yields, more widespread replanting of superior genotypes, reducing inputs
that have high carbon footprints (such as fertilisers), eliminating carbon-emitting deforestation and
the use of sensitive peatland habitats, and the more widespread adoption of methane-capture
technologies in processing mills as reviewed recently (Murphy, 2024b). Relevant studies include
Patthanaissaranukool & Polprasert, 2011; Global Methane Initiative, 2015; Leijten et al, 2013; Loh et al,
2017; 2019; Schmidt & De Rosa, 2020; Alcock et al, 2022; Xin et al, 2022; Ariesca et al, 2023; Frianto et
al, 2024; and Tan et al, 2024. In addition to the impact of emissions on LUC, it is also important to
include metrics that capture biodiversity impacts of different land uses. For example, losses in species
richness are significantly lower when oil palm replaces rubber plantations or logged-over forest as
opposed to pristine forest, meaning that in the two former cases biodiversity had already been
impoverished and therefore the change to oil palm was much less acute (Koh & Wilcove, 2008).

As noted above in section 3 in the case of oil palm, there is considerable scope for substantial
yield increases due to factors such as germplasm improvement followed by vigorous replanting
programmes that could generate two- to three-fold more oil yield per hectare. This could be
supplemented through improved management practices as seen by the existing two-fold yield gap
between some of the best plantations yielding 6.3 t/ha compared to the global average yield of 3.3
t/ha. This phenomenon, termed the “yield gap” applies across the board to crop yields in general and
improved crop management has also been identified as a key factor in addressing it in all of the
sectors studied (Lobell et al, 2009; Mueller et al, 2012). By closing such yield gaps, it would also
possible to minimise LUC costs and reduce the environmental footprint of the crop in question (Van
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Ittersum et al 2013; Clay, 2011; Tilman et al, 2011; Phalan et al, 2014; 2016; Suh et al, 2020; Beyer &
Rademacher, 2021).

These considerations apply to all crops as there are clearly considerable discrepancies across
regions and countries that are largely the result of differences in crop management (Beyer &
Rademacher, 2021). Such yield gaps are particularly apparent when comparing cereal staples such as
maize where yields in the USA are as much as three-fold higher than in sub-Saharan Africa
(Aramburu-Merlos et al, 2024; Global Crop Yield Atlas, 2024). However, they are also seen in other
crop systems where the kind of stagnation already described above for oil palm has been observed
recently (Gerber, et al, 2024). It would be useful, therefore, for the oil palm sector to address its own
considerable yield gaps in the light of the considerable amount of new research that is emerging in
this area. The rewards of reducing such yield gaps are self evident, not only in the increases in
industry-wide profitability, especially for smallholders, but also in avoiding the need for excessive
land expansion in the future and the commensurate environmental benefits that would accrue to all
stakeholders throughout the supply chains.

The oil palm sector also needs to embrace recent advances in areas such as acquiring increasingly
granular datasets, for example using high-resolution Al/imaging technologies that can operate in real
time. These would allow the generation of more reliable and up-to-date metrics such as LUC and
LCA. As we have seen, one of the difficulties in producing realistic LUC figures is the immense
variability in the baseline data from different locations. For example, in the case of tropical forests it
has long been known that even in a single location the N20O emissions can vary by a factor of 6-7-fold
from one year to the next (Kiese & Butterbach-Bahl, 2003; Schmidt, 2007). Such variations may be due
to differences in soil types, precipitation, and measurement/modelling methods. Taken together,
many of the above findings, especially the more recent ones that are typically not included in LUC
analyses, suggest that a systematic recalibration of LUC data is required in order to provide more
accurate baseline ranges for use by stakeholders across the oil palm sector. These new analytical tools
have the potential to provide credible and transparent datasets that allow the commercial and
environmental performance of all vegetable oil crops to be compared on a rigorous and systematic
basis.

7. Conclusions

e  The three major annual crops, soybean, rapeseed and sunflower, produce compositionally
similar vegetable oils dominated by C16 and C18 fatty acids and together supply about 52% of
the world’s supply of vegetable oil on an extensive land footprint totalling 203 Mha.

e  In contrast, the perennial oil palm crop supplies 40% of the world’s supply of vegetable oil on a
more modest land footprint of a mere 23 Mha, making it almost ninefold more efficient in terms
of oil production per land unit.

e  Asa perennial crop, oil palm has many environmental advantages over annual crops including
its already high, but greatly improvable, oil yields, its capacity for carbon sequestration
comparable with some forests, its lower vulnerability to currently predicted climate effects, and
its future capacity for considerably increased sustainable production without expansion into
sensitive natural habitats.

¢  Global requirements for vegetable oils will continue to grow over the coming decades, although
supplies might become increasingly constrained due to factors such as climate change and poor
land use.

e  This might require a re-examination of the current focus on comparatively low-yielding, climate-
sensitive annual oil crops alongside a more effective and imaginative use of improved and
updated versions of high-yielding, land-sparing oil palm cropping systems.

Abbreviations and Units

C, carbon
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EU, European Union

EUDR, European Union Deforestation Regulation
GHG, greenhouse gas

Gt giga (billion) tonnes

ha, hectare

m, metres

LCA, life cycle analysis

LUC, Land Use Conversion

Mha, million hectares

Mt million tonnes

$, USD in 2024 prices

RED, Renewable Energy Directive
SDGs, Sustainable Development Goals
t, tonnes

yr, year
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