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Abstract: This paper presents a strategic planning model aimed at optimizing the economic and environmental 

impacts of Palm Oil Mill Effluent (POME) treatment systems. The model determines the optimal selection of 

POME treatment systems to minimize environmental impact, specifically focusing on three systems: Anaerobic 

Digester Tank System (ADT), Covered Lagoon System (CL) with biogas capture, and Open Pond System (OP). 

The model incorporates constraints related to Fresh Fruit Bunch (FFB) production, POME generation, 

Biological Oxygen Demand (BOD), Chemical Oxygen Demand (COD), and Carbon Dioxide (CO2) emissions. 

The optimization framework, formulated as a mixed-integer linear programming (MILP) model, is solved 

using the GAMS 40.1.0 software. Integer decision variables are used to represent the choice of POME treatment 

systems that minimize environmental impact. The study specifically considers the ADT, CL, and OP systems, 

with results indicating that the ADT system is the most effective in reducing BOD, COD, and CO2 equivalent 

emissions, thereby highlighting its environmental benefits. The model has selected the ADT treatment system, 

which exhibits the lowest COD, BOD and CO2e emissions. Specifically, the COD registered an 85% reduction 

rate from 84,830 mg/L to 12,725 mg/L. The BOD level was reduced by 88% resulting in a BOD level from 41,208 

mg/L to 4,945 mg/L. The minimum CO2e emission that can be archived was about 3,034 t CO2e per annum. 

This model provides a valuable tool for governmental agencies and policymakers to guide the private sector 

in developing environmentally sustainable POME treatment strategies. 

Keywords: palm oil mill effluent; optimization modelling; mixed-integer linear programming; 

carbon dioxide emission 

 

1. Introduction 

The disposal of palm oil mill effluent (POME) waste is a financial and environmental problem 

facing industries and local communities. Extracting crude palm oil (CPO) from the fresh fruit bunches 

(FFB) generates large volumes of POME as wastewater. The untreated discharge of POME is a major 

environmental problem because of its high content of organic matter and suspended solids, which 

may be degraded by microorganisms, giving off odorous gases and waste products [1].The treatment 

process of the degradation itself is complex and a further challenge [2]. POME also elevate the level 

of Biochemical Oxygen Demand (BOD) and Chemical Oxygen Demand (COD) that destroy the water 

quality [3]. In 2017, 453 palm oil mills (POMs) were in operation in West Malaysia and 208 in East 

Malaysia [4]. The Malaysian Department of Environment (DOE) has enforced stricter regulations on 

the disposal of POME and reduced the permitted BOD level (BOD 20 mg/L) in East Malaysia [5]. The 

application of such stringent regulations had not been fully realized in West Malaysia where 

treatment technologies are still limited and land constraints are a problem for pond-based systems 
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[2]. As a result, the development of systematic and practical POME treatment methods is necessary 

to meet the DOE's discharge standards. 

Several studies have therefore been initiated to attempt to develop more effective POME 

treatment technologies which will address environmental and economic aspects [6–8] . Although 

there have been recent advances in POME treatment, BOD reduction, an important indicator of 

pollution, has not been amply addressed. Some POME treatment technologies and explore future, 

potentially more effective techniques to reduce the impact of POME discharge on the environment, 

notably, the production of renewable biogas. Integrated processes including thermophilic 

Continuous Stirred Tank Reactor (CSTR) and mesophilic Microbial Electrolysis Cells (MECs) and co-

digestion process involving oxidation by hydrogen peroxide (OHP) have shown increased renewable 

biogas yields [1,9]. The production of methane rich biogas from POME treatment is considerable. 

Estimates are made that for every tonne of Fresh Fruit Bunches (FFB) processed, 20 m³ of biogas may 

be produced or each tonne of POME produces about 28 m³ of biogas [10]. In addition, one kilogram 

of COD in POME equals to 0.238 kg of CH₄ emissions, while other studies have reported 6.54 kg of 

CH₄ (and 137 kg of CO₂e) and 6.67 kg of CH₄ (and 163 kg of CO₂e) per tonne FFB processed [11]. 

Their combined contribution to methane emissions and carbon dioxide (CO₂) to greenhouse gas 

(GHG) emissions from POME treatment is considerable. The major components of the POME 

treatment systems are over 90% CH₄ and CO₂ [12]. Several factors such as harvest season, POM 

operational methods, organic matter content in POME and treatment system efficiency will 

determine the amount of methane released [13]. Second, emissions from treatment depend 

significantly on the capture or non-capture of methane. Indonesia is the largest CPO producer in the 

world in 2018 with a production of 40.5 million tonnes of CPO, which results in 121.5 million cubic 

metres of POME as a source of GHG emissions [11]. The potential for POME to energy conversion is 

high, but only a small percentage (5%) of POMs collect biogas from POME [14]. Optimization of 

biogas capture and energy recovery from POMs is essential in reducing GHG emissions from POMs. 

Additionally, more direct field measurements of GHG emissions from WWTPs employing multiple 

feeding systems are needed because such data is scarce. 

Currently available in the technological landscape are many POME treatment systems for 

mitigating environmental impacts. Under each condition, each technology works in a different way 

making it difficult to come to optimal POME treatment system (PTS) network decisions given 

multiple sets of criteria like location and production capacity. Selection of POME treatment system 

(PTS) networks require the provision of decision support, of which the optimization models play an 

important role. Unfortunately, studies in this area are still few. An optimization model for selecting 

the optimal PTS is presented to minimize the environmental impact in this research. In this work, the 

model evaluates the environmental performance and methane production of three PTS technologies, 

Anaerobic Digester Tank (ADT) systems, Covered Lagoon (CL) systems, and Open Pond (OP) 

systems. The study then employs an optimization approach to reconcile environmental objectives 

with a practical solution to POME-related emission reduction. 

2. Materials and Methods 

The research methodology followed a series of sequential steps. It began with the definition of 

the problem, specifically related to the treatment system for palm oil mill effluent (POME). The key 

issues identified in determining the optimal POME treatment system included environmental 

impacts, such as biological oxygen demand (BOD), chemical oxygen demand (COD), and CO2 

emissions. At this stage, challenges associated with POME management in palm oil mills (POMs) 

were also recognized. 

The second step involved constructing a superstructure diagram to comprehensively represent 

the problem. This diagram was subsequently simplified. A model, termed the Green Mode Model, 

was then formulated and developed. 

Following this, a case study was selected, involving two palm oil mills: the Barema Palm Oil 

Mill, which utilizes the Anaerobic Digestion Tank (ADT) and Pond system, and the Kumbango Oil 

Mill, which employs the Covered Lagoon System. Within this context, specific constraints and 
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assumptions were applied, focusing primarily on the hourly processing capacities of the mills in 

terms of processed palm kernel oil and POME. Data required for the model were collected from case 

studies, research articles, and relevant authorities. 

The developed model was then coded into the optimization software GAMS, version 40.1.0. 

Optimization of the POME treatment systems was carried out using this software, which was 

programmed with the defined mathematical models and associated data. A sensitivity analysis was 

conducted to assess the impact of variations in input parameters on the model’s objectives. Finally, 

the model’s outputs were compared across all modes, with a particular emphasis on environmental 

performance.  

2.1. Superstructure Diagram Generation 

The process begins with the palm oil mill processing Fresh Fruit Bunches (FFB), categorized 

under set-m. This process generates Palm Oil Mill Effluent (POME), palm kernel shells (PKS), and 

palm kernel fibre (PKF). The POME is directed to the POME treatment system (set-p), where it serves 

as a feedstock for biogas production. Simultaneously, PKS and PKF are directed to the boiler (set-n) 

as boiler feedstock. The total electricity generated from both the biogas production and the boiler is 

recorded under set-j. This electricity can be sold to the grid, while the resulting digestate can be used 

as fertilizer for land application, as represented in set-s. The system's impact on CO2 equivalent 

emissions (CO2e) is assessed under set-a. By structuring the process in this manner, a comprehensive 

analysis and optimization of each component of the POME treatment and by-product utilization 

system is enabled, ensuring both economic efficiency and environmental sustainability. The 

developed superstructure diagram is presented in Figure 1. 

 

Figure 1. The superstructure diagram of the PTS optimization model. 

2.2. Model Formulation 

The objective function is to minimize the total CO2e emission within the POME treatment 

system.  The variable CO2 is representative of CO2e emission from the POME treatment system and 

from the boiler as formulated in Equation 1. While Equation 2 and Equation 3 were formulated to 

monitor BOD and COD levels of each treatment system. 

𝐶𝑂2 =  ∑ 𝑔𝑎𝑠𝑜𝑢𝑡𝑝,𝑎 +  ∑ 𝑔𝑎𝑠𝑜𝑢𝑡2𝑛,𝑎   

𝑛,𝑎

  

𝑝,𝑎

 
(1) 

𝐵𝑂𝐷 =   ∑ 𝑚𝑏𝑜𝑑𝑜𝑢𝑡2𝑛,𝑠   

𝑛,𝑠

 
(2) 

𝐶𝑂𝐷 =   ∑ 𝑚𝑐𝑜𝑑𝑜𝑢𝑡2𝑛,𝑠   

𝑛,𝑠

 
(3) 
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Equation 4 to Equation 12 encapsulate the material conversion and material balance aspects, 

specifically addressing the transformation of FFB into various components of oil palm biomass. This 

comprehensive formulation encompasses the conversion processes at POMs and treatment facilities, 

accounting for the generation of POME, shell, and fibre. These equations serve as a structured 

representation of the intricate relationships and transformations involved in the conversion of FFB, 

providing a systematic approach to modelling and analyzing the material balance within the oil palm 

biomass conversion process. 

𝑝𝑜𝑚𝑒𝑚 =  𝑓𝑓𝑏𝑚  × 𝑟𝑎𝑡𝑖𝑜𝑝𝑜𝑚𝑒𝑚 ∀ 𝑚 (4) 

𝑝𝑜𝑚𝑒𝑚 = ∑ 𝑝𝑜𝑚𝑒𝑡𝑚,𝑝 ∀ 𝑚

𝑝

 (5) 

𝑝𝑜𝑚𝑒𝑎𝑝 = ∑ 𝑝𝑜𝑚𝑒𝑡𝑚,𝑝 ∀ 𝑝

𝑚

 
(6) 

𝑠ℎ𝑒𝑙𝑙𝑚 =  𝑓𝑓𝑏𝑚  × 𝑟𝑎𝑡𝑖𝑜𝑠ℎ𝑒𝑙𝑙𝑚  ∀ 𝑚 (7) 

𝑠ℎ𝑒𝑙𝑙𝑚  ≥  𝑠ℎ𝑒𝑙𝑙𝑡𝑚,𝑛∀ 𝑚 (8) 

𝑠ℎ𝑒𝑙𝑙𝑎𝑛 = ∑ 𝑠ℎ𝑒𝑙𝑙𝑡𝑚,𝑛 ∀ 𝑛

𝑚

 
(9) 

𝑓𝑖𝑏𝑒𝑟𝑚 =  𝑓𝑓𝑏𝑚  × 𝑟𝑎𝑡𝑖𝑜𝑓𝑖𝑏𝑒𝑟𝑚 ∀ 𝑚 (10) 

𝑓𝑖𝑏𝑒𝑟𝑚  ≥  𝑓𝑖𝑏𝑒𝑟𝑡𝑚,𝑛 (11) 

𝑓𝑖𝑏𝑒𝑟𝑎𝑛 = ∑ 𝑓𝑖𝑏𝑒𝑟𝑡𝑚,𝑛 ∀ 𝑛

𝑚

 
(12) 

Equation 13 to Equation 19 constitute a set of formulations dedicated to material conversion and 

balance, specifically addressing the conversion of POME into biogas, liquid fertilizer, and waste 

within the POME treatment facility. These equations meticulously capture the intricate processes 

involved in transforming POME, providing a systematic representation of the material balance 

throughout the conversion stages. This formulation is crucial for modelling and analyzing the 

efficient utilization of POME resources, guiding the optimization of the treatment process for the 

generation of biogas, liquid fertilizer, and appropriate waste management. 

𝑝𝑜𝑚𝑒𝑎𝑝 × 𝑐𝑜𝑛𝑣𝑏𝑖𝑜𝑔𝑎𝑠𝑝,𝑛 =  𝑏𝑖𝑜𝑔𝑎𝑠𝑝,𝑛 ∀ 𝑝 ∀ 𝑛 (13) 

𝑏𝑖𝑜𝑔𝑎𝑠𝑒𝑔𝑎𝑠𝑒 ≤ ∑ 𝑏𝑖𝑜𝑔𝑎𝑠𝑝,𝑔𝑎𝑠𝑒  ∀ 𝑔𝑎𝑠𝑒

𝑝

 (14) 

𝑝𝑜𝑚𝑒𝑎𝑝 × 𝑐𝑜𝑛𝑣𝑠𝑙𝑢𝑑𝑔𝑒𝑝,𝑛 =  𝑠𝑙𝑢𝑑𝑔𝑒𝑝,𝑛 ∀ 𝑝 ∀ 𝑛 (15) 

𝑠𝑙𝑢𝑑𝑔𝑒𝑎𝑐𝑖𝑟𝑝𝑜𝑛𝑑  = ∑ 𝑠𝑙𝑢𝑑𝑔𝑒𝑝,𝑐𝑖𝑟𝑝𝑜𝑛𝑑  ∀ 𝑐𝑖𝑟𝑝𝑜𝑛𝑑

𝑝

 (16) 

𝑠𝑙𝑢𝑑𝑔𝑒𝑎𝑐𝑖𝑟𝑝𝑜𝑛𝑑 × 𝑐𝑜𝑛𝑣𝑤𝑎𝑠𝑡𝑒𝑐𝑖𝑟𝑝𝑜𝑛𝑑,𝑙𝑎𝑛𝑑 =  𝑤𝑎𝑠𝑡𝑒𝑐𝑖𝑟𝑝𝑜𝑛𝑑,𝑙𝑎𝑛𝑑 (17) 

𝑝𝑜𝑚𝑒𝑎𝑝𝑜𝑛𝑑 × 𝑐𝑜𝑛𝑣𝑓𝑒𝑟𝑝𝑜𝑛𝑑,𝑙𝑎𝑛𝑑 =  𝑙𝑖𝑞𝑓𝑒𝑟𝑝𝑜𝑛𝑑,𝑙𝑎𝑛𝑑 (18) 

𝑓𝑒𝑡𝑎𝑙𝑎𝑛𝑑 =  𝑙𝑖𝑞𝑓𝑒𝑟𝑝𝑜𝑛𝑑,𝑙𝑎𝑛𝑑 + 𝑤𝑎𝑠𝑡𝑒𝑐𝑖𝑟𝑝𝑜𝑛𝑑,𝑙𝑎𝑛𝑑 (19) 
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2.3. Case Study and Data Set 

A case study was selected involving the Barema Palm Oil Mill, which utilizes the Anaerobic 

Digestion Tank (ADT) and Pond system, and the Kumbango Oil Mill, which employs the Covered 

Lagoon System. Within this context, the identified constraints and assumptions were applied, with a 

particular focus on the hourly processing capacity of the POM in terms of processed palm kernel oil 

and POME. Data required for the model were gathered from the case studies, research articles, and 

relevant authorities. 

Table 1. Economic parameters feature of POME treatment system (Case Study). 

Feature Unit  Open Pond 

System (OP) 

Covered Lagoon 

(CL) 

Anaerobic 

Digestion Tank 

(ADT) 

Capital Cost (CAPEX) USD 4,000,000 6,000,000 9,000,000 

Operation and 

Maintenance Cost 

USD/year 120,000 180,000.00 270,000 

Potential biogas 

generation 

m³/m³ of 

POME 

- 21 21 

Potential Electricity 

generation  

kWh/ m3 

biogas 

- 2.29 2.29 

Table 2. Environmental parameters feature of POME treatment system (Case Study). 

Source/Process BOD reduction (%) COD reduction 

(%) 

CO2eValue (CO2e /unit 

material) 

Pond System 57 74 0.3125 

Covered Lagoon System  72 78 0.0313 

ADT System 88 85 0.0156 

Biomass Boiler  - - 1.5085 

Biogas Engine  - - 0.0021 

2.4. Optimization Tools 

For this study, the General Algebraic Modeling System (GAMS) software, version 40.1.0, was 

used as an optimization tool. As compared to a GAMS based research approach, it is reasonable since 

the main objective of this research was to address the challenges against the palm oil mills (POMs) 

by means of an optimization model. One of its strengths is that it can bring relational database theory 

together with mathematical programming to form an attractive niche for strategic modelers. What 

optimization does under specific conditions is maximize or minimize some given function, called the 

objective function, subject to certain constraints. 

In addition, GAMS is a highly regulated and highly developed modeling system including a 

compiler supporting several languages as well as a large set of high-performance solvers. The 

contextual challenge in this setting is to provide an in tensional description of the technologies and 

system boundaries. As the number of variables for which the system can model is large, and the linear 

modeling approach requires compromise between model detail and computational efficiency, a 

balance is required between model detail and computational efficiency. 
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3. Results and Discussion 

The Green Mode model has been translated into code using the GAMS, focusing on the objective 

of minimizing the environmental parameters including BOD, COD and CO2e emission within the 

pome treatment system. This resource offers an in-depth exploration of the model's coding structure, 

facilitating its application and execution with the primary goal of minimizing the environmental 

impact of the treatment system. 

3.1. Optimal Material and Energy Flow 

The analysis of environmental parameters, specifically BOD values after the POME treatment 

systems, reveals distinct outcomes. From Figure 2, the model has identified the ADT treatment 

system as optimal for minimizing BOD in environmental impacts. Notably, the ADT system 

demonstrates an 88% reduction in BOD, resulting in a BOD reduction level from 41,208 mg/L to 4,945 

mg/L. The BOD was then reduced from 4,945 mg/L to 2,472 mg/L or 50% through an anaerobic pond 

system. To minimize the COD parameter, the model output also selected the ADT treatment system, 

registering an 85% reduction rate from 84,830 mg/L to 12,725 mg/L (see Figure 3). The final COD was 

about 6,362 mg/L after anaerobic pond system treatment. This result is proved in the literature review 

on the performance of different biogas technologies presented by ADT treatment systems in 

minimizing COD by around 91% [15]. The optimal flows of BOD and COD parameters were similar 

as the model designates ADT as the most profitable POME treatment system. With an annual FFB 

production of 324,000 metric tons, the generated POME tends to be 194,400 m3 with potential yields 

of 4,082,400 m3 of biogas, translating to a potential electricity generation of 9,349 megawatts (MWh) 

with a total profit of USD 9,769, 439 annually. 

Another crucial environmental parameter to be minimized was the amount of CO2e emission. 

The minimum CO2e emission that can be archived was about 3,034 t CO2e per annum. Most of the 

CO2e emission was calculated from the selected ADT system, while only less than 1% was measured 

from the boiler emission as shown in Figure 4. Compared to previous scenarios of minimizing BOD 

and COD, the CO2e emission was slightly reduced from 104,469 t CO2e to 3,034 t CO2e or about 35 

times. This is due to the model suggested to reduce electricity production from the boiler as the model 

aims to reduce CO2e emissions.  Anyhow in other studies showed that up-flow anaerobic sludge 

blankets is produced 4.76 million tons of CO2e emissions compared with CL and integrated 

anaerobic-aerobic bioreactor system [16]. 

 

Figure 2. Minimizing BOD: Optimal material and utility flow in the POME treatment system. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 14 October 2024 doi:10.20944/preprints202410.1065.v1

https://doi.org/10.20944/preprints202410.1065.v1


 7 

 

Figure 3. Minimizing COD: Optimal material and utility flow in the POME treatment system. 

 

Figure 4. Minimizing CO2e: Optimal material and utility flow in the POME treatment system. 

3.2. Economic Parameters 

The model has identified the ADT system as the optimal treatment system for minimizing BOD, 

COD and CO2e emissions, underscoring its environmental advantages. The profit of 9,769,439 USD/yr 

was able to be secured even though the model minimized the BOD and COD values. In this context, 

total sales were about 12,399,439 USD/yr with the capital cost constituting approximately 18.55 % of 

the total sales, reflecting a cost-effective aspect in the overall profitability of the selected treatment 

systems (Table 3). The calculated ROI was about 109 % with a payback period of less than 1 year for 

both BOD and COD scenarios. Biogas production from the POME is economically viable as similar 

trend reported by [7]. However, the model optimally reduces the production of electricity to 

minimize the CO2e emission under the minimizing CO2e emission scenario. Thus, an annual profit 

was only RM-2.37 million just to meet a minimum electricity supply of 2,000 megawatts to the grid 

through electricity generation from the boiler. There is negative or no ROI and payback period in the 

CO2e emission scenario due to the model focusing the objective on the CO2e emission rather than 

profit. The amount of CO2e emission and profit should find a balance on both environmental and 

economic goals [17].   
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Table 3. Optimal economic parameters. 

Variable Minimizing BOD 

(Value) 

Minimizing COD 

(Value) 

Minimizing CO2e 

(Value) 

Unit 

PROFIT 9,769,439 9,769,439 - 2,569,820 USD/yr 

SALES 12,399,439 12,399,439 180 USD/yr 

CAPITAL 

COST 

2,300,000 2,300,000 2,300,000 USD/yr 

OPERATING 

COST 

270,000 270,000 270,000 USD/yr 

XA  ADT System ADT System ADT System - 

BOD 2,472.48 2,472.48 2,472.48 mg/L 

COD 6,362.25 6,362.25 6362.25 mg/L 

CO2e 104,468.94 104,468.94 3033.77  t CO2e 

ROI 109 109 -29 % 

PB 0.92 0.92 -3.50 years 

3.3. Sensitivity Analysis on BOD Ratio 

The sensitivity analysis highlights the significant influence of the BOD ratio on the ADT system, 

as evidenced by a 30% variation in the total BOD. This finding corroborates the model's identification 

of ADT as the optimal treatment system. Figure 5 illustrates a linear relationship between the total 

BOD and the BOD ratio, indicating that a 10% increase in the BOD ratio results in a 10% increase in 

the total BOD value, and vice versa. Conversely, the total BOD remains relatively constant despite 

variations in the BOD ratio for the OP and CL systems, demonstrating their insensitivity to changes 

in this parameter. This insensitivity is further supported by the model's selection of the ADT system, 

even in the presence of ±30% fluctuations in the BOD parameter for the CL and pond systems. 

3.4. Sensitivity Analysis on COD Ratio 

The sensitivity analysis highlights the significant impact of the COD ratio on the ADT system, 

underscoring its influence on total COD. Figure 6 illustrates a linear relationship between the total 

COD and the COD ratio, indicating that a 10% increase in the COD ratio results in a 10% increase in 

the total COD value, and vice versa. It is noteworthy that the total COD remains unaltered with 

fluctuations in the COD ratio for the OP and CL systems, indicating their relative insensitivity in 

terms of the COD parameter. This is due to the model that selects the ADT system even if there are ± 

30% changes in the COD parameter for the CL and pond system. 

3.5. Sensitivity Analysis on CO2e 

The sensitivity analysis reveals that the ratio of CO2e emissions in the ADT treatment system 

exerts the most significant impact, causing a 30% change in total CO2e emission (Figure 7). A linear 

relationship can be found between CO2e emissions ration and the total CO2e emissions. Given the 

model's selection of ADT as the optimal treatment system, the ratio of CO2e emissions for the OP and 

CL systems does not influence profitability, as biogas production is exclusively derived from the ADT 

system. This emphasizes the crucial role of the selected treatment system in determining the 

sensitivity of environmental parameters. 
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Figure 5. Sensitivity analysis on the BOD Ratio. 
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Figure 7. Sensitivity analysis on the CO2e Ratio. 

4. Conclusions 

The developed model, namely as Green Mode Model has been formulated and optimized to 

minimize the environmental parameters. The Green Mode Model's pursuit of minimizing 

environmental parameters included COD, BOD and CO2e. The model has selected the ADT treatment 

system, which exhibits the lowest COD, BOD and CO2e emissions. Specifically, the COD registered 

an 85% reduction rate from 84,830 mg/L to 12,725 mg/L. The BOD level was reduced by 88% resulting 

in a BOD level from 41,208 mg/L to 4,945 mg/L. The minimum CO2e emission that can be archived 

was about 3,034 t CO2e per annum. The sensitivity analysis highlights the significant influence of the 

COD, BOD ratio and CO2e ratio on the ADT system, as evidenced by a 30% variation in the total 

changes. 

List of Symbols 

Indices Description  

𝑚 Index for primary process 

𝑝 Index for POME treatment system 

𝑛 Index for secondary process 

𝑗 Index for electricity power generation 

𝑠 Index for product/by-product application  

𝑎 Index for CO2eq emission  

Parameters  

𝑐𝑎𝑝𝑐𝑜𝑠𝑡𝑝 Capital cost at treatment system p per year in USD/yr 

𝑐𝑜𝑛𝑣𝑏𝑖𝑜𝑔𝑎𝑠𝑝,𝑛 Biogas generation scale at p to n 

𝑐𝑜𝑛𝑣𝑓𝑒𝑟𝑝𝑜𝑛𝑑,𝑙𝑎𝑛𝑑 Fertilizer generation scalar at p to s 

𝑐𝑜𝑛𝑣𝑤𝑎𝑠𝑡𝑒𝑐𝑖𝑟𝑝𝑜𝑛𝑑,𝑙𝑎𝑛𝑑 Waste generation scalar at n to s  

𝑒𝑙𝑒𝑐𝑝𝑟𝑖𝑐𝑒𝑖𝑚 Electricity price for internal usage in USD/kWh 

𝑒𝑙𝑒𝑐𝑝𝑟𝑖𝑐𝑒𝑜𝑠 Electricity price for external usage in USD/kWh 

𝑓𝑓𝑏𝑚 Amount of fresh fruit bunches at m in tons/yr 

𝑚𝑒𝑛𝑐𝑜𝑠𝑡𝑝 Maintenance cost at treatment system p per year in USD/yr 

𝑟𝑎𝑡𝑖𝑜𝑓𝑖𝑏𝑒𝑟𝑚 Fibre conversion ratio at m  

𝑟𝑎𝑡𝑖𝑜𝑠ℎ𝑒𝑙𝑙𝑚 Shell conversion ratio at m  

𝑟𝑎𝑡𝑖𝑜𝑝𝑜𝑚𝑒𝑚 POME conversion ratio at m  

Continuous Variables  

𝑏𝑖𝑜𝑔𝑎𝑠𝑝,𝑛 Amount of biogas generates from p to n in m3/yr 

𝑏𝑖𝑜𝑔𝑎𝑠𝑒𝑔𝑎𝑠𝑒 Amount of biogas generates at gase in m3/yr 

𝐶𝐴𝑃𝐼𝑇𝐴𝐿𝐶𝑂𝑆𝑇 Total annual capital cost in USD/yr 
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𝐶𝑂2𝑒 Amount of annual CO2 equivalent 

𝐶𝑂2𝑚𝑎𝑥 Amount of annual maximum CO2 equivalent 

𝐶𝑂2𝑚𝑖𝑛 Amount of annual minimum CO2 equivalent 

𝑒𝑙𝑒𝑐𝑏𝑓𝑏𝑜𝑖𝑙𝑒𝑟 Amount of electricity generates at boiler in kWh/yr 

𝑒𝑙𝑒𝑐𝑠𝑗,𝑠 Amount of electricity transfer from j to s in kWh/yr 

𝑒𝑙𝑒𝑐𝑡𝑗,𝑚 Amount of electricity transfer from j to m in kWh/yr 

𝑓𝑖𝑏𝑒𝑟𝑚 Amount of fibre generated at m  

𝑓𝑖𝑏𝑒𝑟𝑎𝑛 Amount of fibre available at n 

𝑓𝑖𝑏𝑒𝑟𝑡𝑚,𝑛 Amount of fibre transfer from m to n in tons/year 

𝑙𝑖𝑞𝑓𝑒𝑟𝑝𝑜𝑛𝑑,𝑙𝑎𝑛𝑑 Amount of liquid fertiliser transferred from pond land in ton/yr 

𝑝𝑜𝑚𝑒𝑚 Amount of POME generated at m in ton/yr 

𝑂𝐵𝐽 Degree of satisfaction  

𝑂𝑃𝐸𝑅𝐴𝑇𝐼𝑁𝐺𝐶𝑂𝑆𝑇 Total annual maintenance cost in USD/yr 

𝑝𝑜𝑚𝑒𝑎𝑝 Amount of POME at p in ton/yr 

𝑝𝑜𝑚𝑒𝑡𝑚,𝑝 Amount of POME at p in ton/yr 

𝑃𝑅𝑂𝐹𝐼𝑇 Amount of annual profit in USD/yr  

𝑃𝑅𝑂𝐹𝐼𝑇𝑚𝑎𝑥 Amount of maximum annual profit in USD/yr 

𝑃𝑅𝑂𝐹𝐼𝑇𝑚𝑖𝑛 Amount of minimum annual profit in USD/yr 

𝑆𝐴𝐿𝐸𝑆𝐶𝑂𝑆𝑇 Amount of annual sales from electricity generation in USD/yr 

𝑠ℎ𝑒𝑙𝑙𝑚 Amount of shell produces at m in ton/yr 

𝑠ℎ𝑒𝑙𝑙𝑎𝑛 Amount of shell at n in ton/yr 

𝑠ℎ𝑒𝑙𝑙𝑡𝑚,𝑛 Amount of shell transfer from m to n in ton/yr 

𝑠𝑙𝑢𝑑𝑔𝑒𝑝,𝑛 Amount of digestate transfer from p to n in ton/yr 

𝑠𝑙𝑢𝑑𝑔𝑒𝑎𝑐𝑖𝑟𝑝𝑜𝑛𝑑 Amount of digestate at n in ton/yr 

Binary Variables  

𝑥𝑎𝑝 Selection of POME treatment system 
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