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Cultivation of oil palm are commonly held in rural, which had caused the sustainability of rural areas become
increasingly important and challenging due to the growth of challenges in environment and economical aspects
in the industry. The development of sustainability in rural areas are very limited while environmental
sustainability becomes one of the important issues within the process engineering industry, where reuse, recycle
and recover the wastewater and nutrient are always being encouraged. To address this issue, the concept of
Eco-Industrial Park (EIP) could be adopted where resources allocation and exchange could be done among the
involved parties to ensure sufficient utilities and resources are fulfilled in the rural areas and then further promote
environmental and economic sustainability. To ensure EIP is feasible, optimum resources allocation and
exchange should be pre-determined to know the expected minimum profit of parties involved before any
decisions made on the development of EIP in rural area while maintaining minimum carbon dioxide emission
for environmental sustainability. A systematic framework is required to guide decision makers in solving this
complicated problem. There are limited research works focused on the development of a systematic framework
for the synthesis of an oil palm industry based EIP that involving nutrient recovery from the wastewater
treatment. This leads to the objective of this work to develop a systematic framework to synthesize an oil palm
industry based EIP considering the nutrient recovered from wastewater treatment. This framework also served
as a guidance in determining the optimum resources allocation and exchange based on decision-making factors
(e.g., deserved profit and carbon dioxide emission) for each of the possible combinations of the cooperating
parties using fuzzy optimization approach. An oil palm based EIP case study has been solved to demonstrate
the proposed framework. The results show the combination of water and wastewater treatment plant with power
generation plant is the best combination in profit earning while maintaining reasonable carbon dioxide emission.

1. Introduction

Rural areas and agriculture sector play an important role in economic development of a country. Agricultural
activity in rural areas had largely produced food or non-food raw materials, which are widely used in different
industries (Rashid et al., 2019). Express expansion of agricultural activity had led Southeast Asia dominant
agriculture based economic in the international trade (Shevade and Loboda, 2019). Development of industrial
plantation such as oil palm and rubber tree plantation had caused large amount of wastewater generated within
the area. Most of the plantations are located at rural areas, where it is not well developed and wastewater
generated in rural areas are not well allocated and treated. Since agriculture development is significantly
increased, the nutrient demand is also increased accordingly. Nutrient is important in agriculture sector to ensure
the harvesting rate and quality of the agriculture products (Vrignon-Brenas et al., 2019). Challenges such as
difficulties in transporting nutrients are arising when sustainable nutrient supply is in highly demand.

Farago et al. (2021) suggested that valuable resources in rural areas such as nutrients could be recovered from
wastewater. This is because the wastewater containing high amount of nutrients such as nitrogen and
phosphorus, which is valuable in agriculture. With proper technology implementation, the recovered treated
water then can be further utilised for domestic or plantation usage in rural area, whereby the recovered nutrients
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could be further allocated. The limitations such as limited infrastructure development or sustainable resources
applying had affected the sustainability of rural areas. Limited infrastructure development such as roads and
stable power supply may affect the consistency of production rate in rural areas, which will directly affect the
revenue generated of the factories or plantations involved. These limitations had caused the rural area needs
to be more self-sustaining. To address this problem, the concept of eco-industrial park (EIP) could be adopted.
EIP can be known as a business community where the businesses parties involved in the community are
enhancing environmental and economic performance by collaborating with each other (Halonen and Seppanen,
2019). Throughout the collaboration, resources exchanging such as water, energy and materials could be
conducted within parties. By exchanging the available resources within EIP, concept of industrial symbiosis
could be promoted where the benefits for parties involved is higher than the party standing alone. The concept
of EIP is to produce a more environmentally friendly product, while it is cost effective and efficient in waste
management.

EIP promotes multi-stages benefit where it can enhances the perspectives of sustainability, environment and
economy (Halonen and Seppanen, 2019). Waste generated within EIP will be reduced significantly due to higher
efficiency of utilising available resources, where exchanging of resources between parties in EIP will allow the
parties involved to reduce the production cost (Perrucci et al., 2022). This shows EIP could bring many positive
impacts to sustainable enhancement. One thing is there are limited works to demonstrate how an optimum oil
palm industry based EIP that involving nutrient recovery from wastewater treatment could be developed in a
systematic way. Optimum resources allocation and exchange among the potential parties of EIP should be pre-
determined based on different optimization objective (e.g., maximize profit, minimize carbon emission, etc.) prior
to EIP forming. This is important to prevent any forming of EIP that is not achieving the minimum expectation
(i.e., minimum profit). Each potential party should have their minimum expectation before they decided to join
as an EIP member. There could be multiple parties and objectives involved in EIP. This could leads to different
solution. To identify the optimum solution for EIP, the concept of fuzzy optimization could be adopted.

Fuzzy optimization is commonly applied in situations where the decision-making factors are conflicting with each
other and leading decision cannot be made due to unable to process the uncertain information (Sarwar et al.,
2023). Aviso et al. (2010) applied fuzzy optimization model in water exchanging of EIP, where wastewater
optimization was conducted in this case. Aviso et al. (2010) used fuzzy optimization model in water integration
and hydrogen recovery as case study where it was studied that constrained network in EIP can be satisfied.
Fuzzy optimization model was also used in determining the requirement for waste treatment and energy
recovery. The optimal method was also determined by maximizing the energy production with minimal payback
period (Sadegh et al., 2015). Tay et al. (2022) applied Fuzzy Optimization Model to determine the suitable
technology to minimize the carbon emission by combined heat and power (CHP). Fatimah et al. (2021) also
applied Fuzzy Optimization Model to determine allocation of wastewater segregation before centralized
wastewater treatment. The current applications of fuzzy optimization are mainly focused in determining the
suitable technologies for a single party application in EIP but not identifying the beneficial parties to be
collaborated with in the EIP. In this work, the concept of fuzzy optimization will be adopted to identify the potential
parties instead of technologies for the optimum EIP configuration. There are also limited research works focused
on the development of a systematic framework for the synthesis of oil palm industry based eco-industrial park
that involving nutrient recovery from wastewater treatment using fuzzy optimization. This leads the research
objective of this work to develop a systematic framework to synthesize an oil palm industry based EIP
considering the nutrient recovered from wastewater treatment using the concept of fuzzy optimization.

2. Methodology

A systematic framework has been developed as shown in Figure 1. The parties involved in oil palm EIP are first
identified to list out all the possible combinations of party. For example, if 3 parties (A, B, C) are involving in the
EIP, all the possible combinations for these three parties needed to be listed out. Then, decision-making factor(s)
can be determined based on the involved parties’ desired such as cost savings, profit earnings, carbon
emissions, etc. Relevant data such as production yield, single unit price and energy consumption are required
to collect. A case study superstructure needs to be developed based on the possible pathways of party
collaboration. This is to allow generic equations to be formulated according to the decision-making factors such
as mass balance, volumetric flowrate, contaminant, and profit equations. Eq(1) shown the general mass balance
equation, where the mass input of a party is always equal to mass output.

ZMIN — ZMOUT 1)
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| Identify parties involved in EIP |

I
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Are more than one decision
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A 2 v
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Collect the related data for all parties involved in ‘
combinations Determine the value of
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l each other?
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l Identify the best Apply fuzzy optimization
Formulate equations for the decision making factor(s) combination based on the approach
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determine the value of each decision making factor
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!

Identify optimum pathway for each combination to determine the
value of each decision making factor

Figure 1: Framework to determine optimum combinations of EIP

This generic volumetric flowrate can be expressed as the following equation, where F is identified as volumetric
flowrate and F]."i,f“p is to annotate the flowrate of specific material (notated as ‘descp’ in the formula) from one

party to another party, for example from Party j to Party k.

d
Fdescp — Z F}JSSCP (2)

Relevant equation can be further generated based on volumetric flowrate, such as production yield, carbon
emission, etc. Eq(3) showed the generic formulation of carbon emission. ™" is known as the total carbon

emission of Party j, while EP°"*" is the energy consumption of party j in kWh/day and CEP!°&% is the carbon

emissions rate of biogas based power generation plant while CE&"4 is the carbon emissions rate of fossil fuel
based power generation plant. Both CEP1°825 and CE8"4 are in unit of kg CO2/ kWh.

CjTOTAL = (E]power * CEbiogas) + (Ejpower " CEgrid) 3)

To ensure the sustainability of a party, profit calculation is also very important in the study. Eq(4) shows the
generic total profit calculation where it is considering of profit gained by providing the services and also the

expenses of the party. FROPUCT is the flowrate of selling products of Party j, where MPT°/i1 is the market price

of the products. F™P*"**

the market price to be charged.

is the flowrate of expenses, where it can be utility or raw materials and Mexpensest jg

p = (FjPRODUCT « MPTOfit 1) _ (ﬂeXPenseS x Mexpenses 1) vj @)

If the study is conducted with single factor, the values of equations can be used directly to determine the
optimum combination of EIP. However, if it is the case of multiple decision-making factors, conflicts between
factors have to identify. For example, if profit earning increased when carbon emission increased, it is then
considered as conflicting factors where fuzzy optimization equation, Eq(5) is needed. 0bj is a value that ranges
between 0bjL and 0bjU .0bj is notated as the lower boundary and 0bjYis the higher boundary of the resulted
value.

Obj — Obj*
_— 5
0bjU — Objt A ®)
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The value of A is then maximized as shown in Eq(6). It can be explained that if L approached to be 1, the target
decision making factors will be approaching to the maximisation objective, while A as 0 is approaching to the
minimisation objective.

Max = 2 (6)

3. Case Study

The parties involved in the EIP is firstly determined, where all possible combination of EIP will be listed out. In
this case, palm oil plantation and palm oil mill are grouped as Party A, where the supply of oil palm fruit will be
directed from plantation. Water and wastewater treatment plant are classified as Party B where wastewater
treatment plant is responsible to treat the wastewater from Parties A and C to produce partially treated water
that is suitable for irrigation within EIP. Water treatment plant produces high quality water such as process water
and tap water to ensure sufficient water utility within EIP. The treated water will be recycled to water and
wastewater treatment plant to maintain their operation and the recovered nutrients will be recycled to wastewater
treatment to cultivate bacteria to maintain biological treatment performance. Biogas based power generation
plant is known as Party C in the EIP, where the electricity within EIP is supplied by the plant. The possible
combinations are {A}, {B}, {C}, {A,B}, {A,C} and {A,B,C}. The possible resources allocation and exchange is
identified based on the parties involved which then case study superstructure shown in Figure 2 is generated.
In this case, profit earning and carbon emission had been identified as the decision-making factors to fulfil the
research objectives. The relevant data for every party such as unit operation cost, production yield, emission

factor, nutrient, water and power consumption, etc. are collected from literature review and industry partner.
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Figure 2: Case study superstructure

4. Results and discussion

The optimization results of decision making factors are calculated via a commercial mathematical software
LINGO V20.0 in computer with Intel i7-10" Gen processor. Table 1 summarised all the results of optimization.

Table 1: Optimization results based on different objectives

Optimization Minimize Carbon Emission Maximize Profit Maximize A
Objectives
Coalition Profit Carbon Emission Profit Carbon Emission A
(USD/d) (kg CO2/d) (USD/d) (kg CO2/d)
{A} 87,370.33 994.99 88,238.47 996.87 0.514
{B} 79,795.96 645.62 80,031.61 650.69 0.666
{C} -3,961.71 392.61 3,992.90 441.16 N/A
{A,B} 273,458.90 939.72 282,102.80 1,024.74 0.679
{A,C} 115,773.90 1,250.89 139,225.10 1,380.88 0.180
{B,C} 63,352.90 998.79 73,382.40 1,383.85 0.756

{A,B,C} 88.592.03 1945.67 92,030.86 2,265.97 0.593
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To determine the total profit earning of combination of EIP, summation of total profit from each party has been
done and similar steps are conducted to determine the total carbon emission of the combinations. The total
profit then has been maximised while the carbon emission of combinations has then been minimised. Due to
the conflict between both optimization objectives fuzzy optimization is adopted by maximizing .

4.1 Maximization of Profit Earning

From Table 1, it was studied that combination of {A,B} resulted in highest profit earning, which involves of
plantation and palm oil mill as Party A, wastewater treatment and water treatment plant as Party B. The product
of Party A will be crude palm oil, empty fruit bunch and wastewater. The crude palm oil will be sold to the market,
while empty fruit bunch (EFB) will be sold to third party to generate incomes. Since palm oil mill will generate
large amounts of palm oil mill effluent (POME), the POME generated will be sent to Party B for treatment. It is
worthy to mention that Party B play an important role in EIP to ensure all the wastewater being treated before
discharged into nearby waterways. Party B could be the government itself, not only to make profit but also
making sure all the wastewater will be treated and complied with regulations without any secret dumping from
industries.

The wastewater collected by Party B will be converted to partially treated water, biogas, recovered nutrients and
sludge. The partially treated water is then supplied to oil palm plantations for watering purposes. The recovered
nutrients also used in oil palm plantations. This caused the usage of raw chemical nutrients can be reduced in
EIP. Water treatment plant is set to supply the water demand among EIP’s parties, where river water is pumped
to the water treatment plant for treatment. In this scenario, it was assumed zero charges to fulfil the water
demand of Party A since Party A is one of the parties of the optimum EIP as shown in Figure 3. Based on the
Table 1, the results show the coalition of {A,B,C} has lower profit compared to {A,B}. This is due to Party A able
to generate more profit by selling off the palm oil and biomass in {A,B} while Party B can make profit from selling
the biogas to third party. If Party C is taking part in {A,B,C} they need to exchange the resources such as
biomass, biogas and electricity. This explains why the profit earned is lower in {A,B,C}. It is worthy to note that
this result is just for Malaysia’s case. Different countries’ case could lead to different results since the unit cost

of resources are different from one country to another country.
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Figure 3: Optimum EIP for the case of maximisation of profit.

4.2 Minimization of Carbon Emission

If the single decision making factor is to minimize carbon emissions, Party C which is the power generation plant
stand alone will emit the least carbon dioxide, due to the adaptation of biogas as raw materials. It was studied
that the profit earning is negative, which can be saying that it is infeasible for power generation plant to stand
alone in EIP as negative profit will not sustain the party in EIP. The second best option is Party B stands alone
which will results the least carbon emission.

4.3 Fuzzy Optimization

By studying the values of profit and carbon emission, conflict occurs where the higher the profit earning, the
higher the carbon emission of combination in EIP. Therefore, fuzzy optimization model is introduced, where X is
used as the decisive variable to determine the optimum EIP combination. The coalition of {C} have been
excluded from the optimization model due to its negative profit earning as shown in Table 1. The value of ) is
also summarized in Table 1.

From Table 1, it was studied that the combination of {B,C} resulted in the highest value of A, which can be
understood as the optimum combination for EIP resources exchange and allocation. This is because Party B
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able to fulfil the biogas and water demand of party C, while Party C able to provide the energy to Party A and
ensure the sustainability. The simplified superstructure for this case is shown as Figure 4.

WASTEWATER e WASTEWATER
WASTEWATER » PARTIALLY TREATED WATER — RAWMATERIAL IN EIP
BIOGAS TREATMENT > BIOGAS
EMPTY FRUIT BUNCH WASTE DISPOSAL RAW MATERIAL OUTSIDE EIP
———————— " POWER POWER
(S b————1———— RECOVERED NUTRIENT POWER
STATION Party B e
(PARTY ©) TREATED WATER
POWER WATER TREATED WATER SUPPLY
TREATED TREATMENT . RIVER WATER

WATER SUPPLY

Figure 4: Optimum EIP for the case with fuzzy optimization.

5. Conclusions

A systematic framework to synthesize an oil palm industry based EIP considering the nutrient recovered from
wastewater treatment using the concept of fuzzy optimization was developed successfully. This framework
provides guidance in identifying the optimum oil palm industry based EIP with optimum combination of resources
allocation and exchange based on decision-making factors (i.e., carbon emission and profit). The developed
framework has been demonstrated using a Malaysia case study with involving palm oil plantation and mill, water
and wastewater treatment plant, and biogas power generation plant. In this case study, combination of palm oil
plantation and mill, and water and wastewater treatment plant resulted in highest profit earning while water and
wastewater treatment plant stands alone resulted in lowest carbon emissions. It was also studied that results
are conflicted between these the two decision-making factors. Fuzzy Optimization model was introduced, where
combination of water and wastewater treatment and power generation plant shows the highest A value, which
is the optimum combination based on the multiple decision-making factors, maximizing profit and minimizing
carbon emission.
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