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Sago palm is an emerging crop for starch production which is predominately found in southeast Asia. Its 
expansion has potential danger to ecologically sensitive terrestrial ecosystems. This work aims to provide 
expansion strategies for sustainable sago plantation expansion based on the increase in sago starch demand. 
Mathematical optimisation model of the class linear programming is developed. The total land area available 
for expansion under the different land types is considered. The developed model determines the optimised 
area under each land type to be used for sago plantation expansion based on the trade-off between 
expansion cost and carbon emissions. 𝜀𝜀-constraint method is used in solving the multi-objective problem. 
Unlike the other methods, 𝜀𝜀-constraint enables to generate a range of optimal solutions. A case study with 
different land use types - disturbed tropical forest, disturbed peatland and swampy shrubland were considered 
to demonstrate the proposed model.  Pareto frontier is presented between expansion cost and carbon 
emission using 𝜀𝜀 constraint method, providing a range of expansion strategies to the decision maker. The 
results show that the annualised expansion cost and the annual carbon emission that is inevitable to meet the 
expected demand is 1.15 M USD and 4.25 t CO2-eq/ha/y. 

1. Introduction  
Sago palm is native to southeast Asia and is found as wild trees in swampy forests. It is largely found in 
Papua New Guinea, Indonesia, and Malaysia as well as in small parts of Thailand and Philippines. Sago 
starch is produced from sago palm and is seen as a potential alternative to conventional starch sources like 
corn, sweet potato, cassava, etc. Unlike the conventional crops, sago starch is derived from the trunk of sago 
palm and has a very high yield of 20 -30 t/ha/y (Amin et al., 2019). Sago palm is also a very versatile crop in 
terms of its agro-climatic requirements and product properties, with applications in food and non-food 
industries. Despite its potential, sago remained an underutilised crop for starch production. This is mainly 
because of well-established agronomical practices used for crops like corn, cassava, etc. which made the 
cultivation easier for the farmers. Also, high maturity period of about 9 y – 12 y required by sago palms led to 
its neglect. However, with increasing demand for starch and preference of sago starch for certain niche 
applications, has pushed its demand in the past decade. Seizing this opportunity, countries like Malaysia and 
Indonesia have shown intent in developing sago plantation estates (Mohamad et al., 2016). In this 
circumstance, the expansions in sago plantations require a cautious approach. Southeast Asia is a region of 
rich ecosystems (such as tropical forests and peatlands) with high ecological value. An unplanned expansion 
is more likely to result in land use changes (LUC) that have disproportionate environmental impacts to their 
economic benefits.    
The above discussion argues for the need to plan expansions in sago plantations. Typically, an estate 
company would prefer to invest less cost in expansion to achieve higher gain. However, less cost may come 
with high environmental impact. It involves additional cost to choose a more sustainable alternative. For 
example, swampy grassland has higher carbon footprint compared to shrubland though the land clearing cost 
is lesser (Agus et al., 2013). Similarly, degraded peatland result in higher carbon emission compared to 
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Table 1: Lands considered for sago plantation expansion 

Land  Current land use Max area available  
(ha) 

Expansion cost 
(USD/ha) 
(Samad et al., 2009) 

Carbon emission 
(t CO2-eq/ha) 
(Agus et al., 2013) 

L1 Sago plantation 505 0 0 
L2 Degraded tropical forest 850 2,510 8.60 
L3 Degraded peatland 430 2,385 29 
L4 Swampy shrubland 80 1,850 24.30 

5. Results and discussion 
The optimal value of carbon emission obtained during the single objective function - minimise carbon emission 
is 4,257 t CO2-eq/y. Evenly distributed incremental scalar weights are used to generate Pareto frontier as 
shown in Figure 3a. The Pareto frontier provides the flexibility to the decision maker to choose an optimised 
trade-off solution. For example, in certain cases carbon emission cap for LUC are set by policy maker. In such 
cases, an optimised trade-off is chosen accordingly. Figure 3b plots the annual emission density to the 
annualised expansion cost. This will help the decision maker to foresee the investments to be made on 
plantation expansion for the different emission caps that the policy maker (government) can enforce. The 
corresponding LUC strategies are presented in Figure 4.   
(a) 

 

(b) 

 

Figure 3: Results of (a) Pareto frontier derived from 𝜀𝜀 -constraint method and (b) annual emission density vs 
annualised expansion cost  

 
 Figure 4: Expansion strategies for considered sago starch demand  
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Figure 4 shows that the minimum (annualised) expansion cost to meet the expected demand is 1.15 M USD 
(A) while the minimal emission density that is absolutely inevitable to meet the demand is 4.25 t CO2-eq/ha/y 
(B). Further the different expansion strategies with their corresponding expansion cost is presented in Figure 
6. The existing plantations are utilised to its fullest. It can be observed that as the emission cap increases, the 
area under degraded forest decreases while that of degraded peat land increases. This is because the 
expansion cost of degraded peatland is 5 % lesser compared to degraded tropical forest.  

6. Conclusion 
This work presents a multi-objective linear programming model for sustainable sago plantation expansion, 
accounting for expansion cost and carbon emission. The multi-objective problem is solved by generating 
Pareto frontier by epsilon constraint method. The developed model is simple in mathematical rigour but 
provide significant and insightful results for planning and decision making. It finds more suitable application at 
macro level like a country or a region. The main contribution of this work includes synthesise of sustainable 
LUC strategies for sago plantation expansion. The results can aid in planning the land pooling activities for 
new plantation expansions with minimal environmental footprint. Also, the results can help realise the 
investments that will be required under different climate change policies. The contributions of this work 
assume significance as it comes as a response to the global call for sustainable land resource management in 
agricultural expansion.  
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