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ABSTRACT
Carbon dioxide (CO2) emissions from fossil fuels are a significant contributor to climate change. Concentrations 

of CO2 were in balance when emissions were controlled by the photosynthetic capabilities of organisms on land and 
in oceans. Palm oil is a valuable commodity, and vast plantations of oil palm (OP) have been created, especially in 
Malaysia and Indonesia, which have involved destroying rainforests and growing palms on peat soil, which increases 
CO2 emissions. However, OPs are effective at sequestrating CO2, and growing OPs on degraded land may allow seques-
tration to combat climate change. Future scenarios for CO2 sequestration are presented in this report by employing a 
CLIMEX computer programme, climate models, and narratives to determine optimal future sequestration. High levels 
of CO2 sequestration by OP will be maintained generally until 2070, but this will decrease dramatically by 2100. Parts 
of Malaysia and Indonesia will have significantly greater sequestration than others. Some novel regions of high seques-
tration may occur in Paraguay and Uganda. Overall, it cannot be assumed that the OP will continue to sequester CO2 in 
the same places where it currently grows well. The modelling provides a basis for making decisions regarding where to 
grow OP for CO2 sequestration in the future. More modelling of future OP growth is required, focusing on the CO2 se-
questration potential.  
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1.	 Introduction

Carbon dioxide (CO2) levels in the atmosphere have 
increased significantly. The main cause is the indiscrim-
inate use of fossil fuels since the industrial revolution, 
which cannot be reduced to safe levels by normal photo-
synthetic processes [1], leading to climate change. Urgent 
remedial action is required [2,3]. Furthermore, the average 
annual global temperature in 2024 was the hottest year on 
record, with a value of 1.6 oC above preindustrial levels. 
The global target average is 1.5 oC over a 20-year period [4]; 
hence, high levels of warming are already occurring. Sug-
gestions to combat climate change have been provided [3]. 

Climate change is likely to affect the growth and 
yields of many crops in the future [5–8]. For example, cli-
mate change is expected to negatively affect coffee until 
2050 and will have a more nuanced effect on avocado and 
cashews [5]. Colozza [2] emphasised the potential negative 
effect of climate change on crops such as coffee and oil 
palm (Elaeis guineensis) (OP) on the health and wellbe-
ing of children in Indonesia: OP will be badly affected in 
other OP growing countries in addition [9,10]. Soy, which 
competes with OP in the vegetable oil market, will be 
significantly affected, especially by drought and high tem-
peratures in Ghana [7], and will have diverse effects world-
wide [11]. Tropical forests, where OP has often been grown, 
will also be subjected to climate change [12]. For example, 
forests in Brazil may convert into Savannas in the future [13]. 

A potential method for decreasing CO2 in the atmo-
sphere is to increase CO2 sequestration by growing more 
trees. However, this will not contribute to geological net 
zero requirements [14]: Passive CO2 capture from newly 
grown trees is somewhat uncertain as the trees will be sub-
jected to fire damage, temperature changes, precipitation 
alterations, pests and disease, unlike engineered CO2 cap-
ture and geological storage. On the other hand, the technol-
ogy for engineered carbon capture has inherent problems, 
such as a requirement for unrealistically large carbon cap-
ture facilities [3], and numerous R&D projects have failed to 
result in functioning technology ready for usage at scale [15].  
Meanwhile, there remains the urgent requirement to reduce 
the use of fossil fuels drastically.

Deforestation can lead to significant reductions in 
CO2 sequestration [16]. The OP industry has contributed to 

deforestation and peat land clearance, which has led to fre-
quent peat fires and peat decomposition, resulting in high 
CO2 emissions. OP has grown most in Indonesia, followed 
by Malaysia, which together supply 85% of the palm oil 
to the vegetable oil market. On the other hand, OP seques-
ters CO2, although at a rate that does not compensate for the 
loss from deforestation and peat utilisation [16,17]

 that occur, 
especially in Indonesia and Malaysia. If OP were grown on 
(a) degraded pasture and (b) soil used to grow low-carbon 
annual crops, then overall sequestration may be positive [1,18], 
and there is a requirement to more clearly indicate where 
these areas may occur globally. The oil palm companies in 
Southeast Asia may be able to benefit from this informa-
tion by growing OP in these regions in the future. The CO2 
sequestration potential of OP has been reported [19,20]. OPs 
are replaced in plantations when they become unproduc-
tive, whereas in natural forests, the old and dying trees re-
main, which reduces the overall CO2 sequestration poten-
tial [1]. In addition, OP, are large trees that sequester much 
more CO2 than annual crops such as soy or sunflower, 
which are much smaller plants. Furthermore, Paterson [21]  
indicated that there may be refuges from climate change 
in continents that grow OP, where sequestration would be 
higher in these sanctuaries. Increased sequestration by OP 
will improve the OP industry’s environmental credentials, 
aligning with other schemes being introduced as part of the 
circular economy [22]. 

The ability to sequester CO2 is highly related to the 
suitability of the climate for growing plants, and the climate 
is very likely to change a great deal in the future [3], which is 
also likely to affect OP. Large parts of Malaysia, Indonesia, 
Thailand, Colombia, and Nigeria, which are OP-growing 
countries, will become less suitable [23], and sequestration 
will decrease, although some parts of each country will de-
crease more than others [9,10]. In addition, CO2 fertilisation 
may be possible, whereby high concentrations of CO2 in the 
atmosphere lead to increased plant growth. This may result 
in higher yields from crops, although the fertilisation rates 
are often less than predicted levels [24]. Walker et al. [25] indi-
cated a definite C sink from increased CO2, but the magni-
tude was uncertain, and Way et al. [26] commented that there 
is little confidence in attributing gross primary productivity, 
instantaneous water use efficiency, and biomass production 
to increasing CO2 concentrations. Nevertheless, high CO2 
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levels’ effects on OP have been modelled [27], which indicat-
ed a large increase in palm oil yields in various countries, 
including Malaysia, although Paterson [28] commented that 
the effects of future climate and disease require more con-
sideration. In reality, palm oil yields have stagnated over 
the past few decades [29] despite CO2 levels increasing [30], 
although other reasons may be involved (e.g., depleted soils, 
disease, and climate change growth effects), which will like-
ly become more severe. Palm oil yields are currently very 
low compared to the potential [1] and modelling suggests 
that future suitable climate for growing OP would indicate 
reduced yields, especially by 2100 [8]. More consideration of 
CO2 fertilisation is required in future climate schemes.

In the current paper, scenarios are provided for future 
percentage living OP (LOP) and potential sequestration 
(pSEQ) determined from climate suitability data for grow-
ing OP [9,10]. Narratives for (a) climate change, (b) fungal 
diseases, and (c) a fungus-like disease are also provided to 
indicate how CO2 sequestration by OP in the future may 
develop and where oil palm companies based in Southeast 
Asia could develop in the future.  

2.	 Materials and Methods

The computer modelling in the current paper was 
based on the results of Paterson et al. [9,10]. In brief, the 
Global Biodiversity Information Facility (GBIF) (http://
www.gbif.org/, accessed November 13, 2024) was em-
ployed. Additional literature on OP was in CAB Direct 
(http://www.cabdirect.org/web/about.html, accessed of 
Paterson et al. [9,10]. In brief, the Global Biodiversity Infor-
mation Facility (GBIF) (http://www.gbif.org/), November 
13, 2024) was employed and formed the basis for the col-
lection of data on E. guineensis distribution. CLIMEX for 
Windows, Version 347 (Hearne Scientific Software Pty 
Ltd., Melbourne, Australia, 2007) was used to determine 
the distribution models for OP for 2050 and 2100, and cli-
mate data and climate change scenarios used the CliMond 10′ 
gridded climate data. The data collection was based on the 
distribution of OP records used in fitting the parameters [9,10].  
A mechanistic niche model using CLIMEX software (Ver-
sion 347) supported ecological research, incorporating the 
modeling of species’ potential distributions under differ-
ing climate scenarios and assuming that climate was the 
paramount determining factor of plant distributions. The 

CLIMEX output categorized areas according to climate, 
designating highly suitable, suitable, marginal, and unsuit-
able climates, based on other studies conducted through 
CLIMEX. Parameters of climate incorporated in the me-
teorological database are the mean monthly temperature 
maxima and minima (Tmax and Tmin), mean monthly 
precipitation level (Ptotal), and relative humidity at 09:00 
h (RH09:00) and 15:00 h (RH15:00). The narrative model-
ling was developed as follows: 

2.1.	 Living Oil Palm

LOP was considered to be 100% in the initial years 
of 2015/2017. The percentage of LOP after exposure to 
a changing suitable climate was determined by changes 
in suitable climate as presented in previous papers using 
the averages of two climate models (CIROC Mk 3 and 
MIROC-H) [31–34]. The percentage of OP that remained liv-
ing after the disease was calculated by taking into account 
the effect on OP mortality of fungal diseases from changes 
in suitable climate. The fungal diseases considered were 
basal stem rot by Ganoderma boninense [30], OP bud rot by 
Phytophthora palmivora [35], and fusarium wilt by Fusari-
um oxysporum f. sp. elaeidis [34].

2.2.	 Potential Sequestration

The change in suitable climate data from 2015 to 
2100 was determined as previously described and used to 
obtain pSEQ. The change in CO2 sequestration was de-
termined using a 1% change in CO2 sequestration per 1% 
change in suitable climate. The change in sequestration 
due to climate-induced fungal diseases was calculated as 
a 1% change in sequestration per 1% change in BSR and 
bud rot. A 4% change in sequestration per 1% change in 
suitable climate was used for Fusarium wilt, which is more 
lethal. A greater than 100% pSEQ does not imply that the 
existing OP utilises CO2 more efficiently, but rather that 
there is more land available on which to grow more OP in 
the future. The percentage of living OP capable of healthy 
sequestration was also determined by calculating the per-
centage of living OP that would sequestrate, using the per-
centage sequestration factor [Equation (1)]. 

	 LOP pSEQ
100

× 	 (1)

http://www.gbif.org/
http://www.gbif.org/
http://www.gbif.org/
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3.	 Results

Figure 1 indicates that the LOP in Malaysia de-
creased to 90% and 61% by 2070 and 2100, respectively. 
The percentage change in pSEQ demonstrated a slight 
increase to 104% by 2050, which then decreased to 90% 
by 2070 and further to 24% by 2100. The percentage of 
OP that could undertake pSEQ maintained a constantly 
high level of 100% until 2050 and then decreased to 84% 
by 2070, with a large decrease to 15% by 2100. In Sabah, 
the LOP figures were 100% until 2070, which decreased 
to 71% by 2100 (Figure 2). pSEQ increased to 103% by 
2050 and decreased to 101% and 80% by 2070 and 2100, 
respectively. The percentage of OP with healthy pSEQ was 
100% in 2030, increasing to 103% by 2050, and then de-
creasing to 95% and 57% by 2070 and 2100, respectively. 

Figure 1. The effect of changes in suitable climate on the future 
percentage of living oil palm, the percentage of potential CO2 
sequestration, and the percentage of healthy oil palm capable of 
CO2 sequestration in Malaysia.

Figure 2. The effect of changes in future suitable climate on the 
future percentage of living oil palm, the percentage of potential 
CO2 sequestration, and the percentage of healthy oil palm capable 
of CO2 sequestration in Sabah, Malaysia.

The percentage LOP decreased gradually to 88% and 

63% by 2070 and 2100, respectively, in the scenario for 
Indonesia, from values of 99% and 96% in 2030 and 2050, 
respectively (Figure 3). The pSEQ was 100% by 2030 and 
increased to 105% by 2050, which then decreased to 100% 
and 50% in 2070 and 2100, respectively. OP with healthy 
pSEQ increased to 101% by 2050 and then fell to 88% and 
31% by 2070 and 2100, respectively. LOP was 100% for 
Sulawesi until 2100 (Figure 4). pSEQ increased to 115% 
until 2050 and then decreased to 108% by 2070, remain-
ing at this value until 2100. The values for OP capable of 
healthy pSEQ remained at 100 % until 2100. 

Figure 3. The effect of changes in future suitable climate on the 
percentage of living oil palm, the percentage of potential CO2 
sequestration, and the percentage of healthy oil palm capable of 
CO2 sequestration in Indonesia.

 

Figure 4. The effect of changes in suitable climate on the future 
percentage of living oil palm, the percentage of potential CO2 
sequestration, and the percentage of healthy oil palm capable of 
CO2 sequestration in Sulawesi, Indonesia.

Figure 5 indicates that the LOP in Colombia de-
creased to 70% by 2050 and then to zero by 2065, and 
pSEQ decreased at a similar rate. The OP’s capability of 
healthy pSEQ decreased to 51% by 2050 and was zero by 
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2065. LOP in Paraguay (Figure 6) was at 100% from 2015 
to 2100. However, pSEQ increases dramatically to 115% 
and 128% by 2050 and 2100, respectively. The LOP capa-
ble of sequestration was 100% throughout. 

Figure 5. The effect of changes in suitable climate on the future 
percentage of living oil palm, the percentage of potential CO2 
sequestration, and the percentage of healthy oil palm capable of 
CO2 sequestration in Colombia.

Figure 6. The effect of changes in suitable climate on the future 
percentage of living oil palm, the percentage of potential CO2 
sequestration, and the percentage of healthy oil palm capable of 
CO2 sequestration in Paraguay.

Figure 7 demonstrates that the LOP for Nigeria de-
creased to 45% by 2050 and then to zero by 2060. pSEQ 
was 45% by 2050, which corresponded to 20% of LOP 
with healthy sequestration. All OPs were determined to be 
dead by 2060. Figure 8 depicts the situation for Uganda: 
LOP remained at 100% until 2100. pSEQ increased re-
markably to 155% by 2050 and remained at 120% by 
2100. LOP with healthy sequestration was 100% through-
out.

Figure 7. The effect of changes in suitable climate on the future 
percentage of living oil palm, the percentage of potential CO2 
sequestration, and the percentage of healthy oil palm capable of 
CO2 sequestration in Nigeria.

Figure 8. The effect of changes in suitable climate on the future 
percentage of living oil palm, the percentage of potential CO2 
sequestration, and the percentage of healthy oil palm capable of 
CO2 sequestration in Uganda.

4.	 Discussion

The ability of OP to sequestrate CO2 in the future 
varies depending on which country or region is consid-
ered, according to the present scenarios. It is clear that the 
locations suitable for growing OP in the future, with the 
implied ability to sequestrate CO2, will differ from the 
current optimal locations for growing OP in many cases. 
This implies that some far-reaching planning and decisions 
will be required in the near future for the oil palm industry, 
involving where to grow OP as climate change occurs. The 
information in this paper will assist in making these deci-
sions. No other directly relevant data exist. 
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The situations for Malaysia and Indonesia, the 
world’s two largest palm oil producers, are mixed. For 
example, Sulawesi, Indonesia, has a high level of pSEQ 
until 2070 according to the present results. In Malaysia, 
sequestration is maintained until 2050, at which time high 
percentages of sequestration may occur. However, seques-
tration decreased in Malaysia by 2070 and further by 2100 
to a low level. In Sabah, the situation was of high pSEQ 
until 2070 and a more moderate reduction by 2100. Hence, 
Sabah is more suitable for sequestration than Peninsular 
Malaysia and Sarawak [32]. The situation for Malaysia is 
somewhat similar to that of Indonesia. Sulawesi, Indone-
sia, maintained a high sequestration potential until 2100 
(Figure 4), and other islands such as Sumatra and Java 
will experience reduced sequestration [33]. The situations 
in Malaysia and Indonesia can be compared to those other 
regions globally.

The suitable climate for growing OP in South Ameri-
ca is dramatically lower in 2100 than in current time (CT). 
In CT, there are substantial amounts of suitable climate. 
The decrease implies there are fewer areas where an in-
crease in CO2 sequestration would be possible. In Africa, 
the decreases are also dramatic, although larger areas for 
OP development remain compared to South America. 
Some countries within these large areas of South America 
and Africa, which produce significant amounts of OP, such 
as Nigeria and Colombia, have limited prospects for grow-
ing OP in the future, according to the schemes described 
herein. Colombia will be severely affected by climate 
change, more so than countries in Southeast Asia. There 
is a considerable decrease in the sequestration potential 
by 2050, and thereafter, OP will not be able to grow after 
2065. Consequently, there is very little opportunity to grow 
OP for sequestration purposes in Colombia. The situation 
is worse for Nigeria, where rapid decreases in pSEQ were 
observed until 2050, and no OP would be living by 2060. 
Hence, there is little opportunity to grow OP for increased 
sequestration in this country, according to the present data. 

Interestingly, some countries with small palm oil 
industries currently (i.e., Uganda and Paraguay) have sce-
narios where more OP could be grown, with the potential 
for higher CO2 sequestration. The situation in Paraguay 
appears remarkably advantageous for sequestration un-
til 2100, which could be achieved by planting more OP. 

Uganda also has a high potential for growing OP until 
2100 for sequestration purposes, and the development of 
more plantations may be advantageous in this country. 
Furthermore, a region roughly corresponding to the Congo 
Basin in Africa, from Cameroon to Uganda, maintains a 
high level of suitable climate according to the MIROC-H 
model, and consequently, would remain an area with high 
CO2 sequestration potential by 2100 [9]. The CSIRO MK3 
model has much more marginal climate in parts of this 
zone than the MIROC-H model and consequently indicates 
less favourability. In addition, there was evidence of en-
hanced suitability in (a) the west coast of Sumatra, Indone-
sia, (b) the border between Sabah, Sarawak, and northern 
Kalimantan, and (c) West Papua, Indonesia [9], permitting 
enhanced sequestration in these regions. Given the poten-
tial severity of climate change in the future under current 
trajectories, it is remarkable that areas of increased suit-
ability remain and somewhat reassuring that areas of high 
CO2 sequestration persist, although the general scenario is 
one of decline.     

Beringer et al. [27] reported high yields due to CO2 
fertilisation, although they do not appear to consider the ef-
fects on fertilisation of unsuitable climate and disease [28]. A 
dataset for Thailand for the 2070 to 2099 period revealed an 
approximate 98% increase in palm oil yield, with an average 
increase of approximately 70%. This appears remarkably 
high, especially when considering the authors’ inclusion of 
5% OP mortality from fire damage. There is a requirement 
for further studies on CO2 fertilization of OP [27]. 

In some regions and countries, the pSEQ was more 
than 100% in the current report which indicates that there 
was the potential for growing more OP, rather than existing 
OP being able to sequester more CO2. 

OP plantations could potentially be established on 
degraded soil or by replacing low CO2 sequestering crops 
with OP, thereby avoiding the need to grow OP on defor-
ested land or peat soils [1]. In general, deforestation to cre-
ate new OP plantations has not occurred at the same rate 
in South America and Africa when compared to Southeast 
Asia. CO2 sequestration by OP may be significantly re-
duced in many parts of South America and Africa because 
of the detrimental future climate. However, conventional 
forests will also be susceptible to the negative effects of 
climate change, and for example, Brazilian forests may re-
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vert to Savannah [13], although OP can grow on this type of 
land [36]. 

The ability to sequester CO2 is highly related to 
climate for growing plants, which is likely to change sig-
nificantly  in the future due to climate change. Paterson  
et al. [9] presented scenarios in which the climate suitability 
in Malaysia and Indonesia generally decreased by 2100, 
although certain regions within each country were less af-
fected than others. Notably, there was limited evidence of 
new areas materialising where there was only an unsuit-
able climate before. Areas with enhanced suitability are 
mentioned above. Paterson et al. [10] indicated a consider-
able decrease in suitable climate in Southeast Asia, South 
America, and Africa. In Africa, areas surrounding Uganda 
were considered to have an enhanced climate for OP by 
2100, and so sequestration could increase. It is interesting 
that increased OP development is being considered in this 
country [37]. The Congo Basin, in general, maintained a 
high level of suitability with at least one model, although 
it was lower than in the CT. Hence, more OP could be 
planted with potential for greater sequestration.

An ongoing challenge in designing policies related 
to climate change is determining the appropriate degree of 
change to accommodate in a future policy [38]. The present 
results indicate that growing OP to increase CO2 seques-
tration in South America and/or Africa cannot rely on 
growing more OP in the countries that already grow large 
amounts of OP. For example, the data for (a) Colombia and 
(b) the OP belt countries in western Africa show significant 
reductions in suitable climate by 2100. The results indicate 
a response in these regions at the transformational level, 
which would be variously described as long-term, strate-
gic, and anticipatory [39], and applies to countries where 
palm oil production is currently at a low level. These coun-
tries include Paraguay and Uganda. In contrast is the adap-
tive response, which is variously described as short-term, 
incremental, reactive, and localised. Experimental planting 
in areas with newly suitable climate in the future could be 
undertaken without high risk in (a) the west coast of Suma-
tra, Indonesia, (b) the border between Sabah, Sarawak and 
northern Kalimantan, and (c) West Papua, Indonesia (see 
above) as these areas are already in proximity to large OP 
developments. 

5.	 Conclusions

Decisions regarding moving plantations to new loca-
tions within countries and to different countries have risks 
which need balancing against the potential maladaptation [40]  
of doing nothing, and where short-term benefits from de-
cisions outweigh long-term costs (social, economic, and 
environmental) of planting more OP. There is the possibil-
ity of simply hoping for the best [41]. Overall, the scenarios 
reported herein will enable decisions on how to adapt the 
palm oil industry to climate change by actors with the 
relevant knowledge. Decisions will also be required about 
the social and ecological contexts of the possible locations 
in which projects may be implemented [40]. Furthermore, 
plans made in the near future can be modified if necessary 
as real-life data becomes available. More models, in addi-
tion to those in Paterson et al. [9,10] and Beringer et al. [27], 
are required urgently to determine additional scenarios for 
the future of OP.

To address climate change more generally, there is 
a need to decrease emissions through large reductions in 
fossil fuel use, and to achieve this, the palm oil industry 
would benefit from being even more active in, for exam-
ple, supporting further government initiatives in reducing 
greenhouse gases.
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