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Abstract 

The achievement of low or zero greenhouse gas and particulate matter emissions such as sulfur oxides, optimized 

water-energy nexus, and a well-protected environment are challenges that have become increasingly significant 

for the biomass industry. There is a need to conduct evaluation and analyses of the greenhouse gas and 

particulate emissions, water use and energy consumption of biomass process and delivery, from “cradle to gate”. 

Therefore, to fill this noted gap in the literature, this study aims to develop a combined life cycle and dynamic 

simulation model to examine water-energy nexus in the biomass industry, particularly under uncertainties, as 

well as estimation of greenhouse gas and particulate matter emissions of the biomass supply chain by 2050. The 

dynamic modelling of material, energy, and water flows was used to perform those tasks. An in-depth analysis 

of environmental issues during the production, processing, conversion and delivery of empty fruit bunches 

biomass supply and production system is conducted. The model was tested and implemented through a case 

study of three main biomass suppliers in Malaysia. Comparison of environmental performance of the production 

stages of 31 products through pre-processed, intermediate, and final productions in the biomass supply chain 

shows that bio-compost, activated-carbon, and cellulose are the highest water users and energy consumers as 

well as the highest emitters of greenhouse gas and sulfur oxides for all the three suppliers. Sensitivity analysis 

was also conducted for these critical products based on recent governmental land and demand policies. The 

main finding of this paper indicates a need for a well-planned management of water-energy nexus in pre-

processed production compared to intermediate and final production of biomass supply chain. This finding 

provides valuable insights to the government agencies and stakeholders to pursue sustainable bioenergy 

development strategies.  
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1. Introduction 

Intrinsic connection between water and energy was unveiled and investigated in 1990s [1]. This led to the 

appearance of a new concept called “water-energy nexus” [1]. There is a complex relationship between the 

water-energy nexus (WEN) and the environment that is necessary to inform local and national policy makers 

regarding the management of water, energy, and the environment. With the developing technology and science, 

a stronger interrelation has been established between water and energy [2]. Likewise, in recent decades, global 

greenhouse gas (GHG) emissions have grown quickly [3]. In 2017, the total GHG emissions were reported as 

high as 50.9 giga tonnes (Gt) carbon dioxide equivalent (CO2 -eq), with a 1.3% increase per year [4]. Discussion 

on relationship between the WEN and the environment has been well supported by the Kyoto Protocol and by 

various international actions such as the 2020 European Union’s Strategy that targets a 20% decline in GHG, a 

20% decrease in primary energy, and a 20% increase of renewable energy uses [5]. There is a need for more 

comprehensive macro-level research aiming at growing the awareness of policymakers from environmental 

issues of biomass supply chain (BSC). 

The future of sustainable energy supply and production is moving toward the use of renewable sources like 

biomass. Practically, biomass is obtainable from edible crops (e.g., wheat and corn), non-edible lignocellulosic 

crops (e.g., switchgrass and miscanthus), waste (paper and organic waste), forests and crop remain. Biomass is 

completely applicable to the generation of biofuels, heat, electricity, biogases and even a combined form of 

them [6].  

Many researchers who worked on BSCs have confirmed that biomass is of great viability to be used instead of 

conventional fossil fuels [7]. Biomass resources are emerging as a promising renewable and sustainable solution 

[8]. Numerous scholars have been encouraged to examine potential sources for producing renewable energies 

[3]. These efforts have been made extensively because of the considerable increase in concerns regarding energy 

security and climate change that are emerging mainly due to fossil fuel consumption and GHG emissions [9]  

Considering the environmental issues of the BSC, transportation and production processes are two primary 

sources of GHG and sulfur oxides (SOx).  Particularly, the contribution of the distance across which biomass 

needs to be taken to power generation plants needs due consideration [10]. 

A comprehensive review on water-energy-greenhouse gas nexus of the bioenergy supply and production system 

is available in the literature [5]. A strategic system dynamics model has been introduced in the literature to 



 

 

capture the long-term effects of different policies made for water management in regard to consumptive water 

footprint and supply chain profitability under various scenarios of demand patterns of consumers, which were 

dependent upon the blue water-related effectiveness (i.e., green market behaviors) [11]. Other studies have used 

the multi-objective integer linear programming modeling. For example, a mixed-integer linear fractional 

programming model of shale gas was developed by [12] to optimize the water supply chain network and 

economic performance. Another study reviewed the ways biorefineries can be used to solve the issues related to 

WEN [13]. In recent study [14], an interval fuzzy linear fractional programming model was developed to 

analyze the biomass energy supply, food-energy-water nexus, and water resource conservation by considering 

the uncertainties for the local crop-biomass production in Jiangsu Province, China. Some researchers have 

designed a lifecycle-based framework with the use of spatial optimization approaches to evaluate the bioenergy 

feasibility in a specific area [15]. 

Review of the recent related literature indicates that dynamic simulation modeling is an efficient and powerful 

approach to the assessment of supply chain uncertainties in comparison with discrete simulation modeling tools 

[16]. Simulation modeling is one of the most suitable methods because of its flexibility and capability in 

simulating and assessing dynamic and static systems in terms of variability and uncertainty between systems—

like manufacturing lines [17], ports and maritime industry [18], healthcare systems [19], critical material 

production [20], supply chains [21], construction sector [22], and buildings [23]. Recently, researchers made use 

of a discrete-event simulation to assess the way that transportation types and a novel chipper (with increased 

chip carrying capacity) influence energy efficiency and costs in the forest chip supply chain [24]. Further, an 

evidenced-based analysis was carried out on the sustainability of the oil  supply chain in Brazil [25]. Zahraee et 

al. [26] developed a computer simulation model using Arena software from current situation of empty fruit 

bunches (EFB) biomass supply chain in Perak state of Malaysia. Likewise, Zahraee et al. [16], constructed a 

dynamic simulation model to evaluate the impact of the change to the efficiency level of the production 

technology and transportation technology upon the environmental sustainability of the BSC in the case of palm 

oil during a period of 50 years (from 2000 to 2050). 

Zahraee et al. [5] highlighted that the dynamic nature of BSCs and environmental effects, e.g., WEN and carbon 

footprint, can be examined independently for each phase of BSCs through modeling approach. Also, only a 

small number of researchers have comprehensively analyzed the water-energy nexus, greenhouse gas and 

particulate matter emissions in biomass supply and production system at a relevant geographic scale like the 

city, national or regional level [5]. Moreover, in an integrated model, one of the most critical functions is long-



 

 

term scenario analysis. Such long-term scenario analysis needs historical data about energy and water. However, 

the literature revealed that only a small number of researchers, such as [16] had conducted historical analysis on 

WEN.  

In summary, there is a lack of study on combined life cycle and dynamic simulation model of BSCs that 

considers the large-scale analysis of water-energy nexus and greenhouse gas and particulate matter emissions. 

Efficient use of resources and mitigation of emissions have been emphasized in adaptation policy of global 

supply chain management but has rarely been considered in BSC policy mechanisms. There is a need to conduct 

evaluations and analyses of the GHG emissions, water use and energy consumption, of biomass process and 

delivery, from “cradle to gate”. Therefore, to fill this noted gap in literature, the current study aims to develop a 

combined life cycle and dynamic simulation model to examine WEN and GHG-SOx embodied emissions of 

biomass supply and production system. Through the developed model, the trend of GHG and SOx emissions, 

water use, and energy consumption are investigated in various production stages of the BSC between 2000 to 

2050. The model’s applicability is tested through a case study of three main EFB biomass suppliers in Malaysia.  

 

2. Material and methods 

This section is divided into three different sub-sections. The overall concept of proposed biomass supply chain 

model and the software used to run the model is presented first. It is then followed by description of data used 

for the model development and the mathematical formulation of the dynamic simulation model.  

2.1. Model of biomass supply chain 

Fig. 1 shows an overview of the developed dynamic model. The model comprised of two main parts—biomass 

flows and environmental concerns. The biomass flows constitute three sub-systems: pre-processed products, 

intermediate products, and final products. Environmental concerns include GHG and SOx emissions, water use 

and energy consumption. AnyLogic software was deployed to develop dynamic simulation model while the life 

cycle analysis was conducted through The Greenhouse Gases, Regulated Emissions, and Energy Use in 

Transportation (GREET) model. AnyLogic software offers a graphical interface for modelling complex 

environments, the opportunity to test and explore various scenarios, as well as observe changes in the system 

behaviour over time at a detailed level [16]. Also, it gives the opportunity for making a more precise forecast by 

capturing details across different processes [16]. Likewise, GREET model is a widely used life cycle analytical 

tool to examine energy and emission effects of different vehicle/fuel options [27]. Therefore, Anylogic software 

and GREET model were chosen to fulfil the objectives of this study to develop a combined life cycle and 



 

 

dynamic simulation. In the following sections the details of data collection are provided followed by the detailed 

explanation and derivation of the mathematical formulas of the proposed model.  

 

Fig. 1. Conceptual model of the BSC. 

 

2.2. Data Collection 

Malaysia, with one of the highest human populations among the Asia-Pacific Economic Cooperation members, 

has made many efforts to effectively encourage the replacement of the conventionally-used energy sources with 

biomass, aiming for the enhancement of energy security and lessening the air pollution [10]. In recent years, 

Malaysia has considerably increased the commercialization of biomass production [28]. The country has 

provided and fulfilled several energy policies and action plans (e.g., the 2030 goal of Renewable Energy 

Strategy and Action Plan, and the Fifth Fuel Policy) in a way to promote, as much as possible, the utilization of 

biomass to produce the required energy [16].  

Malaysia attempts to obtain biomass mainly from the palm oil industry. Palm is planted in more than five 

million hectares [29], from which roughly 93 million tons of palm fruit are harvested. It is worth noting that 

components of palm-biomass environmental sustainability include the GHG balance and the amounts of water 

and energy consumed in energy generation from palm oil biomass. Based on the findings of [30], the 



 

 

environmental effects of production and transportation processes involve carbon dioxide (CO2), nitrogen oxides 

(NOx) and SOx emissions.  

The map of the main region of Malaysia, termed Peninsular Malaysia, which is located in the west, is depicted 

in Fig. 2. The Peninsular encompassing three main states of Malaysia that cover the most important areas under 

palm oil production and EFB products. Therefore, only the above-mentioned three states have been taken into 

consideration for EFB collection regions. In the present study, Johor, Pahang, and Perak are denoted by supplier 

1, supplier 2, and supplier 3, respectively. The scattering layout of palm plantation and the accessible quantity of 

the EFB raw material from the three suppliers are shown in Fig. 2 [31]. 

 

Fig. 2. EFB biomass production (tonne) and distribution in three main areas [16]. 

The data needed for this analysis were collected from different database and sources [31], as well as case studies 

carried out in Malaysia for above-mentioned suppliers [16]. In addition, the Malaysian BSC was selected for 

examination of its environmental performance because of the close connection to sustainable development 

objectives. The analyses centered on the complicated inter-relationships amongst different suppliers, taking into 

account different transportation instruments (e.g., train, truck, and pipeline) and production phases. Such 

quantifications of the emissions generated by raw materials supply systems assist in selecting suppliers. 

2.3. System dynamics modelling 

System dynamics is a methodology that focuses on modelling complex systems, as is the case with supply 

chains [32]. System dynamics is useful for environmental-performance evaluation because of its effectiveness in 

quantitative assessment and policy analysis. In this article, a previously published dynamic simulation model 



 

 

[16] is extended to investigate the GHG and SOx emissions, water use and energy consumption, for various 

production processes through the BSC between 2000 and 2050. To address this objective, a systems view was 

taken in dynamic modelling to assess the roles of the three biomass suppliers. Five main layers of the BSCs 

were considered in the analysis—mass flow, GHG and SOx emissions, water use and energy consumption. 

A causal loop diagram was created to understand the dynamics in the system. It helps to identify significant 

cause-effect mechanisms that determine the behavior of the system. It comprises variables and arrows that form 

feedback structures, which, all together, represent the hypotheses of the dynamics in the system [33]. Fig. 3 

shows the causal loop diagram representing the dynamic models of the BSC. This diagram helps in the 

development of the simulation model as the first step of causal hypothesis. A causal link demonstrates how 

variables affect each other in the model. Next to the arrowhead, the positive (+) or negative (-) signs show if 

linked components change in the same or opposite direction. For example, increasing/decreasing ‘Demand from 

market’ causes higher/lower ‘Demand from industry’. In this study, demand is defined as a difference between 

the amount of material that is available and required in various sectors of processing and production over a year. 

Therefore, total demand for material equals the existing supply of biomass which is available in different sectors 

of production and deficit of material based on the consumption of products.  

The main feedback loops are also identified in the diagram. There are two types of feedback loops: the 

reinforcing loop, which is the source of growth or the accelerating collapse, and the balancing loop, which 

exhibits a goal-seeking behaviour. As shown in Fig. 3, there are three balancing feedback loops. B1 as the first 

balancing feedback loop includes variables ‘final product’, ‘distribution’ and ‘demand from market’. B2 as the 

second balancing feedback loop includes ‘manufacturing’ and ‘demand from industry’. Finally, the third 

balancing feedback loop (B3) includes ‘manufacturing’, ‘final product’, ‘distribution’, ‘demand from market’, 

and ‘demand from industry’. 

 



 

 

 

Fig. 3. Causal loop diagram of the EFB BSC. 

After identifying the main variables and their interactions in the BSC, the conceptual model (Fig. 1) and the 

causal loop diagram (Fig. 3) were transformed into a stock-and-flow simulation model. Fig. 4 presents the 

developed general stock-and-flow simulation model of the EFB BSC. Table 1 shows the nomenclature for 

parameters.  

In the simulation models, components are classified as stocks, flows, intermediate variables, or connectors. 

Stock parameters (represented by rectangles), which show the system condition, collect the difference of input 

and output parameters of the box. Flow parameters (shown by valves), that fill and drain the stocks, are the rate 

of the input and output variables. Intermediate variables (represented by circles) are converter parameters to 

calculate the various mathematical formulas. Lastly, the connectors (symbolized by arrows) represent the 

dependencies between variables, stocks, flows, and intermediate variables.



 

 

 

 

Fig. 4. Simulation model of the EFB BSC. 
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Table 1 Definition of variables of the biomass simulation model. 

Variable Term Unit 

      The amount of material in the manufacturing stage  * Tonne 

       Supply of blended empty fruit bunches by supplier 1 (Johor)  Tonne 

       Supply of blended empty fruit bunches by supplier 2 (Pahang) Tonne 

       Supply of blended empty fruit bunches by supplier 3 (Perak) Tonne 

   Conversion factor for manufacturing stage  * Dimensionless 

        Stock of mass flow from manufacturing stage  * Tonne 

      The amount of material in the production stage  * Tonne 

    Conversion factor for production stage  * Dimensionless 

    Demand from industry for production stage  * Tonne 

        Stock of mass flow from production stage  * Tonne 

       Sales of product  * Tonne 

    Demand from market for production stage  * Tonne 

    Capacity of sales for product  * Tonne 

        Stock of final chemical product  * Tonne 

      Used product  * Tonne 

      Energy consumption of production stage  * Joule 

        Total cumulative amount of energy consumptions of production stage  * Joule 

     Fossil fuel source of energy for production stage  * Joule 

     Natural gas source of energy for production stage  * Joule 

     Petroleum source of energy for production stage  * Joule 

     Coal source of energy for production stage  * Joule 

     Non-fossil fuel source of energy for production stage  * Joule 

     Nuclear source of energy for production stage  * Joule 

     Renewable source of energy for production stage  * Joule 

     Biomass source of energy for production stage  * Joule 

      The amount of water used in production stage  * Cubic meter 

        Total cumulative amount of water use of production stage  * Cubic meter 

     The amount of water in the process of water mining for production stage  * Cubic meter 



 

 

     The amount of water in the process of water reservoir evaporation for production stage  * Cubic meter 

     The amount of water in the process of water cooling for production stage  * Cubic meter 

     The amount of water in the process of water process for production stage  * Cubic meter 

        The rate of GHG emissions of production stage  * 
Tonne carbon dioxide 

equivalent 

         Total cumulative GHG emissions of production stage  * 
Tonne carbon dioxide 

equivalent 

     The amount of CO2 emitted in production stage  * 
Tonne carbon dioxide 

equivalent 

     The amount of methane (CH4) emitted in production stage  * 
Tonne carbon dioxide 

equivalent 

     The amount of nitrous oxide (N2O) emitted in production stage  * 
Tonne carbon dioxide 

equivalent 

         The rate of SOx emissions of production stage  * Tonne sulfur oxides 

         Total cumulative SOx emissions of production stage  * Tonne sulfur oxides 

   The amount of SOx emitted in production stage  * Tonne sulfur oxides 

        The rate of GHG emissions of transportation in production stage  * 
Tonne carbon dioxide 

equivalent 

   The amount of GHG emitted by transportation in production stage  * 
Tonne carbon dioxide 

equivalent 

         Total cumulative GHG emissions of transportation in production stage   * 
Tonne carbon dioxide 

equivalent 

        The rate of SOx emissions of transportation in production stage  * Tonne sulfur oxides 

         Total cumulative SOx emissions of transportation in production stage   * Tonne sulfur oxides 

   The amount of SOx emitted by transportation in production stage  * Tonne sulfur oxides 

 * The index i represents  production stages: 1) dry long fiber, 2) bio-compost, 3) activated carbon, 4) cellulose, 5) hemicellulose, 6) lignin, 7) briquette, 8) pellet, 9) 

torrefied pellet, 10) bio-composite, 11) Carboxymethyl Cellulose (CMC), 12) glucose, 13) xylose, 14) bio-resin, 15) High pressure (HP) steam, 16) bio-hydrogen, 17) bio-

methanol, 18) bio-ethanol, 19) bio-syngas, 20) bio-oil, 21) bio-char, 22) xylitol, 23) Medium Pressure (MP) steam, 24) Low pressure (LP) steam, 25) electricity, 26) bio-

ethylene, 27) bio-gas, 28) bio-gasoline, 29) bio-diesel, 30) formaldehyde, and 31) ammonia. 



 

 

Table 2 provides formulas used in the simulation model for calculating mass flows based on Fig. 4. 

Table 2 Equations for variables of the mass flow of the biomass simulation model. 

Variable Term Type 
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Considering the energy required for production processes in the BSC, Equation 1 calculates the total cumulative 

energy consumption of production stage i in year t of the period 2000-2050; the index     as explained in Table 1 

shows the production stages of 31 pre-processed, intermediate and final products in the BSC (Fig.2).  

        =                    
 

  
                          (1) 

where         and          are the cumulative amount of energy consumptions of production stage i in the year 

t and the initial year   , respectively. 

Equation 2 calculates the annual energy consumption (     ) in each production stage:  

                  
 
                (2) 

where,       is the amount of material in production stage i in the year t; and      is the energy required per one 

tonne of biomass flow in production stage i from energy source   = 1,2,...,8, which represents sources of 

energy: fossil fuel, natural gas, petroleum, coal, non-fossil fuel, nuclear, renewable and biomass.  

The total amount of water consumed in different processes of BSC can be investigated from the perspective of 

“direct” and “indirect” water use. In this study, the direct water use, meaning the direct water consumption, was 

defined as the amount of water directly linked to the processing of production of each product in pre-processed, 

intermediate, and final products in the BSC. In general, it could be measured at the processing location as the 

difference between the total amount of water taken from the source to meet the demand of the chemical 

production and the amount of water that is returned to the environment. The indirect water use, meaning the 

indirect water consumption, represents the “hidden” part of the biomass production, which is directly linked and 

strongly influenced by the sources of energy used at the processing location. 



 

 

The total cumulative direct and indirect water use for each production stage are estimated based on the 

following mathematical formulas (Equations 3, 4, and 5): 

       =                   
 

  
   (3) 
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        =                     
 

  
   (5) 

where,         is cumulative direct water required for production stage i in the year t;       denotes the direct 

water use of production stage i in the year t;          represents the direct water use of production stage i in the 

initial year   ; and      is the water required per one joule of energy consumed for the biomass flow in 

production stage i;    represents processes which are: water mining, water reservoir evaporation, water cooling 

and water process.          is cumulative indirect water use for production stage i in the year t;        

corresponds to the amount of the indirect water use of production stage i in the year t; and           represents 

the indirect water use of production stage i in the year   . 

Equations 6 and 7 represent the calculations of total cumulative and annual GHG emissions of production stage 

i, respectively.  

        =                      
 

  
   (6) 

                    
 
            (7) 

where,         is the cumulative GHG emitted by production stage i in the year t;         is the rate of 

greenhouse gas emissions of production stage i in the year t;           is the total level of GHG emitted by the 

production stage i in the initial year   ; and      is the GHG emission intensity of energy consumed in 

production stage i which n represents type of gases CO2, CH4, and N2O. 

Equations 8 and 9 are considered to calculate the cumulative amount of GHG emitted by transportation 

(        ) and the rate of GHG emissions by transportation (       ) for production stage i, respectively. 

        =                      
 

  
    (8) 

                           (9) 

where,         is the rate of greenhouse gas emissions of transportation for production stage i in the year 

t;           is the total level of GHG emitted by transportation for production stage i in the initial year   ; and 

   is the amount of GHG emitted in CO2 -eq by transportation of one tonne biomass in production stage i. 

Equations 10 and 11 show the calculations of the total cumulative SOx emissions and annual SOx emissions of 

each stage in the biomass life cycle: 

        =                      
 

  
       (10) 



 

 

                                                       (11) 

where,          is the total cumulative SOx emissions of production stage i in the year t;          is the rate of 

SOx emissions of production stage i in the year t;           is the total amount of SOx emissions of the 

production stage i in the initial year   ; and    is the amount of SOx emitted per one joule of energy consumed in 

production stage i. 

Equations 12 and 13 show the calculations of the total cumulative and annual SOx emissions of transportation 

for each stage in the biomass life cycle: 

        =                     
 

  
  (12) 

                              (13) 

where,          is the total cumulative SOx emitted by transportation for production stage i in the year t;         

is the rate of SOx emitted by transportation for production stage i in the year t;           is the total amount of 

SOx emitted by transportation for production stage i in the initial year   ; and    is the amount of SOx emitted by 

transportation of one tonne biomass in production stage i.  

 

3. Results and discussion 

Results on water use and energy consumption are discussed next. It is then followed by discussion on results of 

greenhouse gas and sulfur oxides emissions analysis. Sensitivity analysis based on the land and demand policies 

are discussed at the end. 

3.1. Water use and energy consumption 

 

All energy sources, including electric power, need water to be generated. For instance, the processes of 

extracting raw materials, cultivating crops to produce biomass and biofuels, cooling in thermal/cleaning 

processes and powering turbines all consume water. On the other hand, energy is required to provide water for 

human beings’ drinking in addition to other processes, such as irrigation, pumping, treatment, transportation, 

and desalination. Such relationships also lie in the water directly or indirectly required for exploring, extracting, 

generating, and transmitting the energy; and the energy required to extract, transport, distribute, collect, treat 

and finally make use of water. The water-energy nexus was created as the focal point of the present research in a 

way to develop insight into the trends of the three main Malaysian EFB biomass suppliers.  

Fig. 5 shows the developed simulation results over 50 years for the production and transportation of the 31 

products for the three main suppliers. Fig. 5 (a) illustrates the water use and energy consumption of various 

production processes to produce pre-processed, intermediate, and final products in each year. The result shows 

exponential growth in water use and energy consumption in the Malaysia BSC after 2020. The highest water 



 

 

uses and energy consumptions are by pre-processed production, followed by intermediate production. The 

detailed calculation shows, on average, 5% annual growth of total water use and total energy consumption in the 

BSC. Table 3 shows the cumulative water use and energy consumption in each five-year period. It presents 

potential environmental concerns, given the three-times higher water use and four-times higher energy 

consumption in 2050 compared to 2020. 

Integrated development, rather than isolated development, of water and energy policies is of paramount 

importance. Fig. 5 (b) and (c) confirm that the trends of total consumption of energy and water follow the same 

pattern for the production and delivery of products for three suppliers. As Fig. 5 (b) and (c) are shown, dry long 

fiber, cellulose, bio-compost, briquette, pellet, torrefied pellet, and activated carbon contribute the highest shares 

of energy and water consumption. 

 



 

 

 

Fig. 5. a) Energy consumption and water use in the Malaysian biomass supply chain, 2000-2050; b) Cumulative 

energy consumption of suppliers (Million giga joule (GJ)); c) Cumulative water use of suppliers (Cubic 

meter (m
3
)). 

 



 

 

Table 3 Total cumulative energy consumption and water use for five-year periods in the biomass supply chain 

of Malaysia. 

Year Energy Consumption 

(Million GJ) 

Water Use 

(m
3
) 

 

2020 3,402 41  

2025 3,956 48  

2030 4,997 60  

2035 6,529 78  

2040 8,551 103  

2045 11,070 133  

2050 14,092 169  

 

 

The relationship between water consumption and energy consumption among the various production stages in 

the BSC are shown in Fig. 6. Three categories are considered for visualizing the levels of water use and energy 

consumption of each production stage in the BSC: low (less than 25%), medium (between 25% and 50%) and 

high (more than 50%). The result shows that bio-compost, cellulose, and activated-carbon require the highest 

share of energy and water as highlighted in the red area. Additionally, torrefied pellet, pellet, dry long fiber, 

briquette, CMC, and bio-syngas production facilities need attention that may cross into the red zone in the 

future. Bio-compost, activated carbon, and cellulose are by far the largest consumers of water with (1.78, 0.935, 

and 1.31 m
3
), (1.77, 0.932, and 1.30 m

3
), and (0.796, 0.419, and 0.586 m

3
) for suppliers 1, 2, and 3 (Fig. 7). The 

result is similar for the energy consumptions for supplier 1 (962.7, 506.7 and 709.3 million GJ), supplier 2 

(959.6, 505.1, and 707.1 million GJ) and supplier 3 (431.4, 227.1, and 317.9 million GJ) (Fig. 8).  



 

 

 

Fig. 6. Comparison of energy consumption and water use for different production stages in the biomass supply 

chain. 

 
Fig. 7. Comparison of suppliers - cumulative water use in the various production stages (m

3
). 



 

 

 
Fig. 8. Comparison of suppliers - cumulative energy consumption in the various production stages (million GJ). 

 

3.2. Greenhouse gas and sulfur oxides emissions 

Results presented in Fig. 9 (a, b) show the range of SOx and GHG emissions from the various production stages. 

Fig. 9 shows a considerable SOx emission from the production of dry longer fiber, bio-composite, bio-compost, 

activated-carbon, cellulose, glucose, xylose, bio-gas, xylitol, lignin and bio-resin; while there are no significant 

GHG emissions from the production of such products. However, the production of briquette, HP steam, pellet, 

bio-oil, bio-char, torrified pellet, bio-syngas, bio-hydrogen, bio-gasoline and ammonia have considerable SOx 

and GHG emissions. Additionally, bio-compost, activated-carbon and cellulose generate the largest share of 

total SOx emissions for all three suppliers (Fig. 10 (a)). Overall, total GHG emissions arise primarily from the 

production of briquette, pellet and torrified pellet for all three suppliers (Fig. 10 (b)). 

 



 

 

 

Fig. 9. Sulfur oxides and greenhouse gas emissions from production stages of the biomass supply chain; 

a) Box-whisker plot for SOx emissions between 2000 and 2050; b) Box-whisker plot for GHG emissions 

between 2000 and 2050. 



 

 

 

 

3.3. Sensitivity analysis based on the land and demand policies  

The sustainable use of biomass as an energy source needs efficient management of natural resources such as 

land and water. Land availability and future demand and supply of bioenergy play a vital role to produce the 

energy from biomass. There are several scenarios predicting the future potential of biomass such as forest 

Fig. 10. Sulfur oxides and greenhouse gas emissions from production stages of the biomass supply chain;    

a) Cumulative SOx emissions of suppliers; b) Cumulative GHG emissions of suppliers. 



 

 

standing stock. To address this major challenge in increasing the production of biomass, sensitivity analysis has 

been conducted and tested through a case study.  

The Malaysian oil palm industry in 2019 has shown a better performance as compared to that of in 2018. There 

is a marginal increase for the yield of fresh fruit bunches in 2019 by 0.2% to 17.19 tonnes per hectare in 2019 as 

against 17.16 tonnes per hectare in 2018. Plantations are for fresh fruit bunches in 2019 increased 0.9% from 

5.90 million hectares to 5.85 million hectares in 2018 [31]. According to the current action plans for future EFB 

biomass production in Malaysia, the following scenarios are tabulated (Table 4). Bio-compost, cellulose and 

activated-carbon were selected as the critical biomass production that consume the highest share of energy and 

water. The analysis shows that 1% increase in demand represents roughly a 5%, 2%, and 2% increase energy 

and water use of pre-processed, intermediate, and final productions by 2050, respectively. The increase of 

demand is one of major factors requiring a well-planned water-energy nexus management in pre-processed 

production. 

Fig. 11 and 12 present the trend of energy consumption and water use of selected productions for four defined 

scenarios. Both graphs confirmed the uptrend of energy and water use for all scenarios for 30 years. The highest 

energy consumption trend is related to bio-compost by near 20% increase in scenario (Fig. 11). The energy 

consumption for cellulose and activated carbon gradually increase form 418 (Million GJ) and 298 (Million GJ) 

in 2020 (current scenario) to 2079 (Million GJ) and 1485 (Million GJ) respectively in 2050 (scenario 3). 

Fig. 12 shows that lowest trend of water consumption is related to activated-carbon by 11% increase from 2020 

to 2050. There is a sharp increase for bio-compost production in 2050 for the second scenario. Cellulose 

production follows a stable increase from 0.55 (m
3
) (current scenario/2020) to 2.74 (m

3
)

 
(scenario 3/2050) by 

11%, 14%, and 20% increase for all three scenarios.  

Table 4 Scenarios for demand and plantation area of critical product (bio-compost, cellulose, and activated-

carbon). 

Scenario Demand (Tonne/year) Raw material 

Plantation  

(Million hectares) Bio-compost Cellulose Activated-carbon 

Scenario (Current) 0.4 5.81 1.9 5.85 

Scenario 1 2 % increase 2 % increase 2 % increase 0.9% increase 

Scenario 2 5 % increase 5 % increase 5 % increase 0.9% increase 

Scenario 3 10 % increase 10 % increase 10 % increase 0.9% increase 

 



 

 

 

Fig. 11. Sensitivity analysis of energy consumption based on demand and plantation area. 

 

Fig. 12. Sensitivity analysis of water use based on demand and plantation area. 



 

 

3.4. Discussion  

The achievement of low or zero GHG emissions, an optimized water-energy nexus, and a well-protected 

environment are issues that have become increasingly significant for the biomass industry. The development of 

biomass products needs robust and sustainable policies to support the whole supply chain system in a green, 

cost-effective, and timely manner [34]. This study demonstrated how combined life cycle and dynamic 

simulation and analysis of the EFB BSC system could be used to tackle the complexity of the design and 

implementation of such policies. A control and effective strategies that rely on air quality and the water-energy 

nexus are suggested by considering a set of practical approaches and protective measures. The findings show the 

importance of consulting with suppliers when developing the relevant air quality and water-energy nexus 

management policies and strategies to lessen the environmental burdens from the biomass industry. It will help 

stakeholders to effectively make use of existing knowledge to enhance the quality of water-energy resources 

management. Also, it helps the academic community be more focused on the eff ective improvement of the 

existing knowledge and even on governance and implementation of WEN. The findings from this study are 

valuable resources to researchers who work on renewable energy issues or are potential users of the bioenergy 

industry to obtain a deeper understanding of WEN and GHG emissions.  

There are international measurements underway to regulate the production and supply of biomass industry by 

implementing sustainability criteria. Based on the modeling and case study analysis in this study, governments 

need to tighten air-quality standards for industrial facilities and equipment in addition to phasing out some 

GHG-intensive technologies to produce the biomass-based product. Additionally, it would encourage the 

preventative maintenance of biomass-production equipment, the training of equipment operators, and the 

appropriate quality tests on product samples. 

Sensitivity analysis shows the uptrend of energy consumption and water use by increasing the demand and 

plantation area. The proposed models could help the biomass suppliers strategically invest in the required 

support for the clean development of the bioenergy industrial sector – whether by empowering enterprises in 

their own procurements, operations, and workforce development; or by facilitating pilot programs. The results 

would encourage the EFB local suppliers in Malaysia to develop solutions that reduce air emissions from the 

production of activated carbon, bio-compost, and cellulose.  

Additionally, it was observed that there is a strong trade-off between the GHG and SOx emission of the products 

such as bio-compost, activated-carbon, cellulose as well as briquette, pellet, and torrified pellet respectively for 

all three suppliers. It is suggested that suppliers develop strategies and measures to reduce air emissions 



 

 

generated from transportation, particularly from heavy trucks and encourage the adoption of low-emission 

vehicles. It would be an efficient way to invest in the development of fuel-efficient technology or green 

technology, particularly electric vehicle charging infrastructure for the transportation of raw materials. 

Environmental sustainability of transportation between production facilities and warehouse can be supported by 

consolidation of bio-refineries such that shipments to customers can be made with few trucks traveling short 

distances. Moreover, incorporation of peripheral warehouses and use of optimal packing boxes in the production 

of briquette, HP steam, pellet, bio-oil, bio-char, torrified pellet, bio-syngas, bio-hydrogen, bio-gasoline, and 

ammonia would help to reduce the volume of truck and train transportation and vehicle trips. Finally, using the 

financial policy instruments (e.g., low tariffs) will be an important tool to encourage the adoption of 

sustainability in BSCs. 

 

4. Conclusion  

The main contribution of this study is to develop a combined  life cycle and dynamic simulation model to assist 

governments and decision-makers to define production and transportation strategies that facilitate a reduction in 

GHG and SOx emissions, water use and energy consumption in bioenergy production and supply system. Based 

on the papers and approaches reviewed in the present research, numerous studies are at the “understanding” 

stage focusing on analyzing the trend of WEN in a quantitative manner. The model was implemented and 

tested in a city and regional level in Malaysia that is consistent with the target proposed by the Malaysian 

Ministry of Energy, Science, Technology, Environment and Climate Change , which indicates the necessity to 

generate 20% of the total electricity from renewable energy by 2030. Results represent that the highest energy 

consumption and water use are for the production and transportation of three products: bio-compost, cellulose, 

and activated-carbon. The production of those three products also have the highest SOx emissions. These results 

suggest that governments should pay the most attention to bio-compost, cellulose, and activated-carbon to 

reduce the environmental issues of BSC. Overall, total GHG emissions arise primarily from the production of 

briquette, pellet, and torrified pellet for each supplier. These results suggest that governments should also pay 

attention to reduce GHG emissions from production processes. 

This study demonstrates the practical applicability of the developed model in a long-term scenario analysis. 

Researchers can utilize the proposed approach when designing models consisting of one or multiple values that 

vary over time. The proposed approach can model such complex environments and can be graphically 

displayed, which facilitates the investigation and exploration of various potential scenarios and make it easy to 



 

 

detect the system’s behavior at particular times with any necessary details. The model also assists to understand 

the complex interactions in the BSC processes with various ‘what-if’ scenarios when the system consists of 

uncertainties.  The developed model is a practical tool for decision makers that can be generalized in various 

scales – i.e. regional, national, and global. The findings of this study can assist the government in developing 

relevant policies and strategies for the development of sustainable biomass industry. A potential direction for 

future research is to use multi-objective optimization model by combining strategic-tactical-operational decision 

levels to conduct life cycle assessment for identifying the environmental, economic, and social impacts related 

to all the stages of biomass production. 
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Abstract 

The achievement of low or zero greenhouse gas and particulate matter emissions such as sulfur oxides, optimized 

water-energy nexus, and a well-protected environment are challenges that have become increasingly significant 

for the biomass industry. There is a need to conduct evaluation and analyses of the greenhouse gas and 

particulate emissions, water use and energy consumption of biomass process and delivery, from “cradle to gate”. 

Therefore, to fill this noted gap in the literature, this study aims to develop a combined life cycle and dynamic 

simulation model to examine water-energy nexus in the biomass industry, particularly under uncertainties, as 

well as estimation of greenhouse gas and particulate matter emissions of the biomass supply chain by 2050. The 

dynamic modelling of material, energy, and water flows was used to perform those tasks. An in-depth analysis 

of environmental issues during the production, processing, conversion and delivery of empty fruit bunches 

biomass supply and production system is conducted. The model was tested and implemented through a case 

study of three main biomass suppliers in Malaysia. Comparison of environmental performance of the production 

stages of 31 products through pre-processed, intermediate, and final productions in the biomass supply chain 

shows that bio-compost, activated-carbon, and cellulose are the highest water users and energy consumers as 

well as the highest emitters of greenhouse gas and sulfur oxides for all the three suppliers. Sensitivity analysis 

was also conducted for these critical products based on recent governmental land and demand policies. The 

main finding of this paper indicates a need for a well-planned management of water-energy nexus in pre-

processed production compared to intermediate and final production of biomass supply chain. This finding 

provides valuable insights to the government agencies and stakeholders to pursue sustainable bioenergy 

development strategies.  
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1. Introduction 

Intrinsic connection between water and energy was unveiled and investigated in 1990s [1]. This led to the 

appearance of a new concept called “water-energy nexus” [1]. There is a complex relationship between the 

water-energy nexus (WEN) and the environment that is necessary to inform local and national policy makers 

regarding the management of water, energy, and the environment. With the developing technology and science, 

a stronger interrelation has been established between water and energy [2]. Likewise, in recent decades, global 

greenhouse gas (GHG) emissions have grown quickly [3]. In 2017, the total GHG emissions were reported as 

high as 50.9 giga tonnes (Gt)Gt carbon dioxide equivalent (CO2 -eq) (gigatonnes of carbon dioxide equivalent), 

with a 1.3% increase per year [4]. Discussion on relationship between the WEN and the environment has been 

well supported by the Kyoto Protocol and by various international actions such as the 2020 European Union’s 

Strategy that targets a 20% decline in GHG, a 20% decrease in primary energy, and a 20% increase of 

renewable energy uses [5]. There is a need for more comprehensive macro-level research aiming at growing the 

awareness of policymakers from environmental issues of biomass supply chain (BSC). 

The future of sustainable energy supply and production is moving toward the use of renewable sources like 

biomass. Practically, biomass is obtainable from edible crops (e.g., wheat and corn), non-edible lignocellulosic 

crops (e.g., switchgrass and miscanthus), waste (paper and organic waste), forests and crop remain. Biomass is 

completely applicable to the generation of biofuels, heat, electricity, biogases and even a combined form of 

them [6].  

Many researchers who worked on BSCs have confirmed that biomass is of great viability to be used instead of 

conventional fossil fuels [7]. Biomass resources are emerging as a promising renewable and sustainable solution 

[8]. Numerous scholars have been encouraged to examine potential sources for producing renewable energies 

[3]. These efforts have been made extensively because of the considerable increase in concerns regarding energy 

security and climate change that are emerging mainly due to fossil fuel consumption and GHG emissions [9]  

Considering the environmental issues of the BSC, transportation and production processes are two primary 

sources of GHG and sulfur oxides (SOx).  Particularly, the contribution of the distance across which biomass 

needs to be taken to power generation plants needs due consideration [10]. 

A comprehensive review on water-energy-greenhouse gas nexus of the bioenergy supply and production system 

is available in the literature [5]. A strategic system dynamics model has been introduced in the literature to 



 

 

capture the long-term effects of different policies made for water management in regard to consumptive water 

footprint and supply chain profitability under various scenarios of demand patterns of consumers, which were 

dependent upon the blue water-related effectiveness (i.e., green market behaviors) [11]. Other studies have used 

the multi-objective integer linear programming modeling. For example, a mixed-integer linear fractional 

programming (MILFP) model of shale gas was developed by [12] to optimize the water supply chain network 

and economic performance. Another study reviewed the ways biorefineries can be used to solve the issues 

related to WEN [13]. In recent study [14], an interval fuzzy linear fractional programming (IFLFP) model was 

developed to analyze the biomass energy supply, food-energy-water nexus, and water resource conservation by 

considering the uncertainties for the local crop-biomass production in Jiangsu Province, China. Some 

researchers have designed a lifecycle-based framework with the use of spatial optimization approaches to 

evaluate the bioenergy feasibility in a specific area [15]. 

Review of the recent related literature indicates that dynamic simulation modeling is an efficient and powerful 

approach to the assessment of supply chain uncertainties in comparison with discrete simulation modeling tools 

[16]. Simulation modeling is one of the most suitable methods because of its flexibility and capability in 

simulating and assessing dynamic and static systems in terms of variability and uncertainty between systems—

like manufacturing lines [17], ports and maritime industry [18], healthcare systems [19], critical material 

production [20], supply chains [21], construction sector [22], and buildings [23]. Recently, researchers made use 

of a discrete-event simulation to assess the way that transportation types and a novel chipper (with increased 

chip carrying capacity) influence energy efficiency and costs in the forest chip supply chain [24]. Further, an 

evidenced-based analysis was carried out on the sustainability of the oil (CPO) supply chain in Brazil [25]. 

Zahraee et al. [26] developed a computer simulation model using Arena software from current situation of 

empty fruit bunches (EFB) biomass supply chain in Perak state of Malaysia. Likewise, Zahraee et al. [16], 

constructed a dynamic simulation model to evaluate the impact of the change to the efficiency level of the 

production technology (PT) and transportation technology (TT) upon the environmental sustainability of the 

BSC in the case of palm oil during a period of 50 years (from 2000 to 2050). 

Zahraee et al. [5] highlighted that the dynamic nature of BSCs and environmental effects, e.g., WEN and carbon 

footprint, can be examined independently for each phase of BSCs through modeling approach. Also, only a 

small number of researchers have comprehensively analyzed the water-energy nexus, greenhouse gas and 

particulate matter emissions in biomass supply and production system at a relevant geographic scale like the 

city, national or regional level [5]. Moreover, in an integrated model, one of the most critical functions is long-



 

 

term scenario analysis. Such long-term scenario analysis needs historical data about energy and water. However, 

the literature revealed that only a small number of researchers, such as [16] had conducted historical analysis on 

WEN.  

In summary, there is a lack of study on combined life cycle and dynamic simulation model of BSCs that 

considers the large-scale analysis of water-energy nexus and greenhouse gas and particulate matter emissions. 

Efficient use of resources and mitigation of emissions have been emphasized in adaptation policy of global 

supply chain management but has rarely been considered in BSC policy mechanisms. There is a need to conduct 

evaluations and analyses of the GHG emissions, water use and energy consumption, of biomass process and 

delivery, from “cradle to gate”. Therefore, to fill this noted gap in literature, the current study aims to develop a 

combined life cycle and dynamic simulation model to examine WEN and GHG-SOx embodied emissions of 

biomass supply and production system. Through the developed model, the trend of GHG and SOx emissions, 

water use, and energy consumption are investigated in various production stages of the BSC between 2000 to 

2050. The model’s applicability is tested through a case study of three main empty fruit bunches (EFB) biomass 

suppliers in Malaysia.  

 

2. Material and methods 

This section is divided into three different sub-sections. The overall concept of proposed biomass supply chain 

model and the software used to run the model is presented first. It is then followed by description of data used 

for the model development and the mathematical formulation of the dynamic simulation model.  

2.1. Model of biomass supply chain 

Fig.ure 1 shows an overview of the developed dynamic model. The model comprised of two main parts—

biomass flows and environmental concerns. The biomass flows constitute three sub-systems: pre-processed 

products, intermediate products, and final products. Environmental concerns include GHG and SOx emissions, 

water use and energy consumption. AnyLogic software was deployed to develop dynamic simulation model 

while the life cycle analysis was conducted through The Greenhouse Gases, Regulated Emissions, and Energy 

Use in Transportation (GREET) model. AnyLogic software offers a graphical interface for modelling complex 

environments, the opportunity to test and explore various scenarios, as well as observe changes in the system 

behaviour over time at a detailed level [16]. Also, it gives the opportunity for making a more precise forecast by 

capturing details across different processes [16]. Likewise, GREET model is a widely used life cycle analytical 

tool to examine energy and emission effects of different vehicle/fuel options [27]. Therefore, Anylogic software 



 

 

and GREET model were chosen to fulfil the objectives of this study to develop a combined life cycle and 

dynamic simulation. In the following sections the details of data collection are provided followed by the detailed 

explanation and derivation of the mathematical formulas of the proposed model.  

 

Fig. 1. Conceptual model of the BSC. 

 

2.2. Data Collection 

Malaysia, with one of the highest human populations among the Asia-Pacific Economic Cooperation (APAC) 

members, has made many efforts to effectively encourage the replacement of the conventionally-used energy 

sources with biomass, aiming for the enhancement of energy security and lessening the air pollution [10]. In 

recent years, Malaysia has considerably increased the commercialization of biomass production [28]. The 

country has provided and fulfilled several energy policies and action plans (e.g., the 2030 goal of Renewable 

Energy Strategy and Action Plan, and the Fifth Fuel Policy) in a way to promote, as much as possible, the 

utilization of biomass to produce the required energy [16].  

Malaysia attempts to obtain biomass mainly from the palm oil industry. Palm is planted in more than five 

million hectares [29], from which roughly 93 million tons of palm fruit are harvested. It is worth noting that 

components of palm-biomass environmental sustainability include the GHG balance and the amounts of water 



 

 

and energy consumed in energy generation from palm oil biomass. Based on the findings of [30], the 

environmental effects of production and transportation processes involve carbon dioxide (CO2), nitrogen oxides 

(NOx) and SOx emissions.  

The map of the main region of Malaysia, termed Peninsular Malaysia, which is located in the west, is depicted 

in Fig. 2. The Peninsular encompassing three main states of Malaysia that cover the most important areas under 

palm oil production and EFB products. Therefore, only the above-mentioned three states have been taken into 

consideration for EFB collection regions. In the present study, Johor, Pahang, and Perak are denoted by supplier 

1, supplier 2, and supplier 3, respectively. The scattering layout of palm plantation and the accessible quantity of 

the EFB raw material from the three suppliers are shown in Fig. 2 [31]. 

 

Fig. 2. EFB biomass production (tonne) and distribution in three main areas [16]. 

The data needed for this analysis were collected from different database and sources [31], as well as case studies 

carried out in Malaysia for above-mentioned suppliers [16]. In addition, the Malaysian BSC was selected for 

examination of its environmental performance because of the close connection to sustainable development 

objectives. The analyses centered on the complicated inter-relationships amongst different suppliers, taking into 

account different transportation instruments (e.g., train, truck, and pipeline) and production phases. Such 

quantifications of the emissions generated by raw materials supply systems assist in selecting suppliers. 

2.3. System dynamics modelling 

System dynamics is a methodology that focuses on modelling complex systems, as is the case with supply 

chains [32]. System dynamics is useful for environmental-performance evaluation because of its effectiveness in 



 

 

quantitative assessment and policy analysis. In this article, a previously published dynamic simulation model 

[16] is extended to investigate the GHG and SOx emissions, water use and energy consumption, for various 

production processes through the BSC between 2000 and 2050. To address this objective, a systems view was 

taken in dynamic modelling to assess the roles of the three biomass suppliers. Five main layers of the BSCs 

were considered in the analysis—mass flow, GHG and SOx emissions, water use and energy consumption. 

A causal loop diagram was created to understand the dynamics in the system. It helps to identify significant 

cause-effect mechanisms that determine the behavior of the system. It comprises variables and arrows that form 

feedback structures, which, all together, represent the hypotheses of the dynamics in the system [33]. Fig. 3 

shows the causal loop diagram representing the dynamic models of the BSC. This diagram helps in the 

development of the simulation model as the first step of causal hypothesis. A causal link demonstrates how 

variables affect each other in the model. Next to the arrowhead, the positive (+) or negative (-) signs show if 

linked components change in the same or opposite direction. For example, increasing/decreasing ‘Demand from 

market’ causes higher/lower ‘Demand from industry’. In this study, demand is defined as a difference between 

the amount of material that is available and required in various sectors of processing and production over a year. 

Therefore, total demand for material equals the existing supply of biomass which is available in different sectors 

of production and deficit of material based on the consumption of products.  

The main feedback loops are also identified in the diagram. There are two types of feedback loops: the 

reinforcing loop, which is the source of growth or the accelerating collapse, and the balancing loop, which 

exhibits a goal-seeking behaviour. As shown in Fig. 3, there are three balancing feedback loops. B1 as the first 

balancing feedback loop includes variables ‘final product’, ‘distribution’ and ‘demand from market’. B2 as the 

second balancing feedback loop includes ‘manufacturing’ and ‘demand from industry’. Finally, the third 

balancing feedback loop (B3) includes ‘manufacturing’, ‘final product’, ‘distribution’, ‘demand from market’, 

and ‘demand from industry’. 

 



 

 

 

Fig. 3. Causal loop diagram of the EFB BSC. 

After identifying the main variables and their interactions in the BSC, the conceptual model (Fig. 21) and the 

causal loop diagram (Fig. 3) were transformed into a stock-and-flow simulation model. Fig. 4 presents the 

developed general stock-and-flow simulation model of the EFB BSC. Table 1 shows the nomenclature for 

parameters.  

In the simulation models, components are classified as stocks, flows, intermediate variables, or connectors. 

Stock parameters (represented by rectangles), which show the system condition, collect the difference of input 

and output parameters of the box. Flow parameters (shown by valves), that fill and drain the stocks, are the rate 

of the input and output variables. Intermediate variables (represented by circles) are converter parameters to 

calculate the various mathematical formulas. Lastly, the connectors (symbolized by arrows) represent the 

dependencies between variables, stocks, flows, and intermediate variables.



 

 

 

 

Fig. 4. Simulation model of the EFB BSC. 
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Table 1 Definition of variables of the biomass simulation model. 

Variable Term Unit 

      The amount of material in the manufacturing stage  * Tonne 

       Supply of blended empty fruit bunches by supplier 1 (Johor)  Tonne 

       Supply of blended empty fruit bunches by supplier 2 (Pahang) Tonne 

       Supply of blended empty fruit bunches by supplier 3 (Perak) Tonne 

   Conversion factor for manufacturing stage  * Dimensionless 

        Stock of mass flow from manufacturing stage  * Tonne 

      The amount of material in the production stage  * Tonne 

    Conversion factor for production stage  * Dimensionless 

    Demand from industry for production stage  * Tonne 

        Stock of mass flow from production stage  * Tonne 

       Sales of product  * Tonne 

    Demand from market for production stage  * Tonne 

    Capacity of sales for product  * Tonne 

        Stock of final chemical product  * Tonne 

      Used product  * Tonne 

      Energy consumption of production stage  * Joule 

        Total cumulative amount of energy consumptions of production stage  * Joule 

     Fossil fuel source of energy for production stage  * Joule 

     Natural gas source of energy for production stage  * Joule 

     Petroleum source of energy for production stage  * Joule 

     Coal source of energy for production stage  * Joule 

     Non-fossil fuel source of energy for production stage  * Joule 

     Nuclear source of energy for production stage  * Joule 

     Renewable source of energy for production stage  * Joule 

     Biomass source of energy for production stage  * Joule 

      The amount of water used in production stage  * Cubic meter 

        Total cumulative amount of water use of production stage  * Cubic meter 

     The amount of water in the process of water mining for production stage  * Cubic meter 



 

 

     The amount of water in the process of water reservoir evaporation for production stage  * Cubic meter 

     The amount of water in the process of water cooling for production stage  * Cubic meter 

     The amount of water in the process of water process for production stage  * Cubic meter 

        The rate of GHG emissions of production stage  * 
Tonne carbon dioxide 

equivalent 

         Total cumulative GHG emissions of production stage  * 
Tonne carbon dioxide 

equivalent 

     The amount of CO2 emitted in production stage  * 
Tonne carbon dioxide 

equivalent 

     The amount of methane (CH4) emitted in production stage  * 
Tonne carbon dioxide 

equivalent 

     The amount of nitrous oxide (N2O) emitted in production stage  * 
Tonne carbon dioxide 

equivalent 

         The rate of SOx emissions of production stage  * Tonne sulfur oxides 

         Total cumulative SOx emissions of production stage  * Tonne sulfur oxides 

   The amount of SOx emitted in production stage  * Tonne sulfur oxides 

        The rate of GHG emissions of transportation in production stage  * 
Tonne carbon dioxide 

equivalent 

   The amount of GHG emitted by transportation in production stage  * 
Tonne carbon dioxide 

equivalent 

         Total cumulative GHG emissions of transportation in production stage   * 
Tonne carbon dioxide 

equivalent 

        The rate of SOx emissions of transportation in production stage  * Tonne sulfur oxides 

         Total cumulative SOx emissions of transportation in production stage   * Tonne sulfur oxides 

   The amount of SOx emitted by transportation in production stage  * Tonne sulfur oxides 

 * The index i represents  production stages: 1) dry long fiber, 2) bio-compost, 3) activated carbon, 4) cellulose, 5) hemicellulose, 6) lignin, 7) briquette, 8) pellet, 9) 

torrefied pellet, 10) bio-composite, 11) Carboxymethyl Cellulose (CMC), 12) glucose, 13) xylose, 14) bio-resin, 15) High pressure (HP) steam, 16) bio-hydrogen, 17) bio-

methanol, 18) bio-ethanol, 19) bio-syngas, 20) bio-oil, 21) bio-char, 22) xylitol, 23) Medium Pressure (MP) steam, 24) Low pressure (LP) steam, 25) electricity, 26) bio-

ethylene, 27) bio-gas, 28) bio-gasoline, 29) bio-diesel, 30) formaldehyde, and 31) ammonia. 



 

 

Table 2 provides formulas used in the simulation model for calculating mass flows based on Fig. 4. 

Table 2 Equations for variables of the mass flow of the biomass simulation model. 

Variable Term Type 
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Considering the energy required for production processes in the BSC, Equation 1 calculates the total cumulative 

energy consumption of production stage i in year t of the period 2000-2050; the index     as explained in Table 1 

shows the production stages of 31 pre-processed, intermediate and final products in the BSC (Fig.2).  

        =                    
 

  
                          (1) 

where         and          are the cumulative amount of energy consumptions of production stage i in the year 

t and the initial year   , respectively. 

Equation 2 calculates the annual energy consumption (     ) in each production stage:  

                  
 
                (2) 

where,       is the amount of material in production stage i in the year t; and      is the energy required per one 

tonne of biomass flow in production stage i from energy source   = 1,2,...,8, which represents sources of 

energy: fossil fuel, natural gas, petroleum, coal, non-fossil fuel, nuclear, renewable and biomass.  

The total amount of water consumed in different processes of BSC can be investigated from the perspective of 

“direct” and “indirect” water use. In this study, the direct water use, meaning the direct water consumption, was 

defined as the amount of water directly linked to the processing of production of each product in pre-processed, 

intermediate, and final products in the BSC. In general, it could be measured at the processing location as the 

difference between the total amount of water taken from the source to meet the demand of the chemical 

production and the amount of water that is returned to the environment. The indirect water use, meaning the 

indirect water consumption, represents the “hidden” part of the biomass production, which is directly linked and 

strongly influenced by the sources of energy used at the processing location. 



 

 

The total cumulative direct and indirect water use for each production stage are estimated based on the 

following mathematical formulas (Equations 3, 4 and 4 5): 

       =                   
 

  
   (3) 

                  
 
             (4) 

        =                     
 

  
   (5) 

 

where,         is cumulative direct water required for production stage i in the year t;       denotes the direct 

water use of production stage i in the year t;          represents the direct water use of production stage i in the 

initial year   ;          is the amount of the indirect water use; and      is the water required per one joule of 

energy consumed for the biomass flow in production stage i;    represents processes which are: water mining, 

water reservoir evaporation, water cooling and water process.          is the amount of thecumulative indirect 

water use for production stage i in the year t;        corresponds to the amount of the indirect water use of 

production stage i in the year t; and           represents the indirect water use of production stage i in the year 

  . 

Equations 5 6 and 6 7 represent the calculations of total cumulative and annual GHG emissions of production 

stage i, respectively.  

        =                      
 

  
   (56) 

                    
 
            (67) 

where,         is the cumulative GHG emitted by production stage i in the year t;         is the rate of 

greenhouse gas emissions of production stage i in the year t;           is the total level of GHG emitted by the 

production stage i in the initial year   ; and      is the GHG emission intensity of energy consumed in 

production stage i which n represents type of gases CO2, CH4, and N2O. 

Equations 7 8 and 8 9 are considered to calculate the cumulative amount of GHG emitted by transportation 

(        ) and the rate of GHG emissions by transportation (       ) for production stage i, respectively. 

        =                      
 

  
    (78) 

                           (89) 

where,         is the rate of greenhouse gas emissions of transportation for production stage i in the year 

t;           is the total level of GHG emitted by transportation for production stage i in the initial year   ; and 

   is the amount of GHG emitted in CO2 -eq by transportation of one tonne biomass in production stage i. 



 

 

Equations 9 10 and 10 11 show the calculations of the total cumulative SOx emissions and annual SOx emissions 

of each stage in the biomass life cycle: 

        =                      
 

  
       (910) 

                                                        (1011) 

where,          is the total cumulative SOx emissions of production stage i in the year t;          is the rate of 

SOx emissions of production stage i in the year t;           is the total amount of SOx emissions of the 

production stage i in the initial year   ; and    is the amount of SOx emitted per one joule of energy consumed in 

production stage i. 

Equations 11 12 and 12 13 show the calculations of the total cumulative and annual SOx emissions of 

transportation for each stage in the biomass life cycle: 

        =                     
 

  
 (1112) 

                             (1213) 

where,          is the total cumulative SOx emitted by transportation for production stage i in the year t;         

is the rate of SOx emitted by transportation for production stage i in the year t;           is the total amount of 

SOx emitted by transportation for production stage i in the initial year   ; and    is the amount of SOx emitted by 

transportation of one tonne biomass in production stage i.  

 

3. Results and discussion 

Results on water use and energy consumption are discussed next. It is then followed by discussion on results of 

greenhouse gas and sulfur oxides emissions analysis. Sensitivity analysis based on the land and demand policies 

are discussed at the end. 

3.1. Water use and energy consumption 

 

All energy sources, including electric power, need water to be generated. For instance, the processes of 

extracting raw materials, cultivating crops to produce biomass and biofuels, cooling in thermal/cleaning 

processes and powering turbines all consume water. On the other hand, energy is required to provide water for 

human beings’ drinking in addition to other processes, such as irrigation, pumping, treatment, transportation, 

and desalination. Such relationships also lie in the water directly or indirectly required for exploring, extracting, 

generating, and transmitting the energy; and the energy required to extract, transport, distribute, collect, treat 

and finally make use of water. The water-energy nexus was created as the focal point of the present research in a 

way to develop insight into the trends of the three main Malaysian EFB biomass suppliers.  



 

 

Fig. 5 shows the developed simulation results over 50 years for the production and transportation of the 31 

products for the three main suppliers. Fig. 5 (a) illustrates the water use and energy consumption of various 

production processes to produce pre-processed, intermediate, and final products in each year. The result shows 

exponential growth in water use and energy consumption in the Malaysia BSC after 2020. The highest water 

uses and energy consumptions are by pre-processed production, followed by intermediate production. The 

detailed calculation shows, on average, 5% annual growth of total water use and total energy consumption in the 

BSC. Table 3 shows the cumulative water use and energy consumption in each five-year period. It presents 

potential environmental concerns, given the three-times higher water use and four-times higher energy 

consumption in 2050 compared to 2020. 

Integrated development, rather than isolated development, of water and energy policies is of paramount 

importance. Fig. 5 (b) and (c) confirm that the trends of total consumption of energy and water follow the same 

pattern for the production and delivery of products for three suppliers. As Fig. 5 (b) and (c) are shown, dry long 

fiber, cellulose, bio-compost, briquette, pellet, torrefied pellet, and activated carbon contribute the highest shares 

of energy and water consumption. 

 



 

 

 

Fig. 5. a) Energy consumption and water use in the Malaysian biomass supply chain, 2000-2050; b) Cumulative 

energy consumption of suppliers (Million giga joule (GJ)); c) Cumulative water use of suppliers (Cubic 

meter (m
3
)). 

 



 

 

Table 3 Total cumulative energy consumption and water use for five-year periods in the biomass supply chain 

of Malaysia. 

Year Energy Consumption 

(Million GJ) 

Water Use 

(m
3
) 

 

2020 3,402 41  

2025 3,956 48  

2030 4,997 60  

2035 6,529 78  

2040 8,551 103  

2045 11,070 133  

2050 14,092 169  

 

 

The relationship between water consumption and energy consumption among the various production stages in 

the BSC are shown in Fig. 6. Three categories are considered for visualizing the levels of water use and energy 

consumption of each production stage in the BSC: low (less than 25%), medium (between 25% and 50%) and 

high (more than 50%). The result shows that bio-compost, cellulose, and activated-carbon require the highest 

share of energy and water as highlighted in the red area. Additionally, torrefied pellet, pellet, dry long fiber, 

briquette, CMC, and bio-syngas production facilities need attention that may cross into the red zone in the 

future. Bio-compost, activated carbon, and cellulose are by far the largest consumers of water with (1.78, 0.935, 

and 1.31 m
3
), (1.77, 0.932, and 1.30 m

3
), and (0.796, 0.419, and 0.586 m

3
) for suppliers 1, 2, and 3 (Fig. 7). The 

result is similar for the energy consumptions for supplier 1 (962.7, 506.7 and 709.3 million GJ), supplier 2 

(959.6, 505.1, and 707.1 million GJ) and supplier 3 (431.4, 227.1, and 317.9 million GJ) (Fig. 8).  



 

 

 

Fig. 6. Comparison of energy consumption and water use for different production stages in the biomass supply 

chain. 

 
Fig. 7. Comparison of suppliers - cumulative water use in the various production stages (m

3
). 



 

 

 
Fig. 8. Comparison of suppliers - cumulative energy consumption in the various production stages (million GJ). 

 

3.2. Greenhouse gas and sulfur oxides emissions 

Results presented in Fig. 9 (a, b) show the range of SOx and GHG emissions from the various production stages. 

Fig. 9 shows a considerable SOx emission from the production of dry longer fiber, bio-composite, bio-compost, 

activated-carbon, cellulose, glucose, xylose, bio-gas, xylitol, lignin and bio-resin; while there are no significant 

GHG emissions from the production of such products. However, the production of briquette, HP steam, pellet, 

bio-oil, bio-char, torrified pellet, bio-syngas, bio-hydrogen, bio-gasoline and ammonia have considerable SOx 

and GHG emissions. Additionally, bio-compost, activated-carbon and cellulose generate the largest share of 

total SOx emissions for all three suppliers (Fig. 10 (a)). Overall, total GHG emissions arise primarily from the 

production of briquette, pellet and torrified pellet for all three suppliers (Fig. 10 (b)). 

 



 

 

 

Fig. 9. Sulfur oxides and greenhouse gas emissions from production stages of the biomass supply chain; 

a) Box-whisker plot for SOx emissions between 2000 and 2050; b) Box-whisker plot for GHG emissions 

between 2000 and 2050. 



 

 

 

 

3.3. Sensitivity analysis based on the land and demand policies  

The sustainable use of biomass as an energy source needs efficient management of natural resources such as 

land and water. Land availability and future demand and supply of bioenergy play a vital role to produce the 

energy from biomass. There are several scenarios predicting the future potential of biomass such as forest 

Fig. 10. Sulfur oxides and greenhouse gas emissions from production stages of the biomass supply chain;    

a) Cumulative SOx emissions of suppliers; b) Cumulative GHG emissions of suppliers. 



 

 

standing stock. To address this major challenge in increasing the production of biomass, sensitivity analysis has 

been conducted and tested through a case study.  

The Malaysian oil palm industry in 2019 has shown a better performance as compared to that of in 2018. There 

is a marginal increase for the yield of fresh fruit bunches in 2019 by 0.2% to 17.19 tonnes per hectare in 2019 as 

against 17.16 tonnes per hectare in 2018. Plantations are for fresh fruit bunches in 2019 increased 0.9% from 

5.90 million hectares to 5.85 million hectares in 2018 [31]. According to the current action plans for future EFB 

biomass production in Malaysia, the following scenarios are tabulated (Table 4). Bio-compost, cellulose and 

activated-carbon were selected as the critical biomass production that consume the highest share of energy and 

water. The analysis shows that 1% increase in demand represents roughly a 5%, 2%, and 2% increase energy 

and water use of pre-processed, intermediate, and final productions by 2050, respectively. The increase of 

demand is one of major factors requiring a well-planned water-energy nexus management in pre-processed 

production. 

Fig. 11 and 12 present the trend of energy consumption and water use of selected productions for four defined 

scenarios. Both graphs confirmed the uptrend of energy and water use for all scenarios for 30 years. The highest 

energy consumption trend is related to bio-compost by near 20% increase in scenario (Fig. 11). The energy 

consumption for cellulose and activated carbon gradually increase form 418 (Million GJ) and 298 (Million GJ) 

in 2020 (current scenario) to 2079 (Million GJ) and 1485 (Million GJ) respectively in 2050 (scenario 3). 

Fig. 12 shows that lowest trend of water consumption is related to activated-carbon by 11% increase from 2020 

to 2050. There is a sharp increase for bio-compost production in 2050 for the second scenario. Cellulose 

production follows a stable increase from 0.55 (m
3
) (current scenario/2020) to 2.74 (m

3
)

 
(scenario 3/2050) by 

11%, 14%, and 20% increase for all three scenarios.  

Table 4 Scenarios for demand and plantation area of critical product (bio-compost, cellulose, and activated-

carbon). 

Scenario Demand (Tonne/year) Raw material 

Plantation  

(Million hectares) Bio-compost Cellulose Activated-carbon 

Scenario (Current) 0.4 5.81 1.9 5.85 

Scenario 1 2 % increase 2 % increase 2 % increase 0.9% increase 

Scenario 2 5 % increase 5 % increase 5 % increase 0.9% increase 

Scenario 3 10 % increase 10 % increase 10 % increase 0.9% increase 

 



 

 

 

Fig. 11. Sensitivity analysis of energy consumption based on demand and plantation area. 

 

Fig. 12. Sensitivity analysis of water use based on demand and plantation area. 



 

 

3.4. Discussion  

The achievement of low or zero GHG emissions, an optimized water-energy nexus, and a well-protected 

environment are issues that have become increasingly significant for the biomass industry. The development of 

biomass products needs robust and sustainable policies to support the whole supply chain system in a green, 

cost-effective, and timely manner [34]. This study demonstrated how combined life cycle and dynamic 

simulation and analysis of the EFB BSC system could be used to tackle the complexity of the design and 

implementation of such policies. A control and effective strategies that rely on air quality and the water-energy 

nexus are suggested by considering a set of practical approaches and protective measures. The findings show the 

importance of consulting with suppliers when developing the relevant air quality and water-energy nexus 

management policies and strategies to lessen the environmental burdens from the biomass industry. It will help 

stakeholders to effectively make use of existing knowledge to enhance the quality of water-energy resources 

management. Also, it helps the academic community be more focused on the eff ective improvement of the 

existing knowledge and even on governance and implementation of WEN. The findings from this study are 

valuable resources to researchers who work on renewable energy issues or are potential users of the bioenergy 

industry to obtain a deeper understanding of WEN and GHG emissions.  

There are international measurements underway to regulate the production and supply of biomass industry by 

implementing sustainability criteria. Based on the modeling and case study analysis in this study, governments 

need to tighten air-quality standards for industrial facilities and equipment in addition to phasing out some 

GHG-intensive technologies to produce the biomass-based product. Additionally, it would encourage the 

preventative maintenance of biomass-production equipment, the training of equipment operators, and the 

appropriate quality tests on product samples. 

Sensitivity analysis shows the uptrend of energy consumption and water use by increasing the demand and 

plantation area. The proposed models could help the biomass suppliers strategically invest in the required 

support for the clean development of the bioenergy industrial sector – whether by empowering enterprises in 

their own procurements, operations, and workforce development; or by facilitating pilot programs. The results 

would encourage the EFB local suppliers in Malaysia to develop solutions that reduce air emissions from the 

production of activated carbon, bio-compost, and cellulose.  

Additionally, it was observed that there is a strong trade-off between the GHG and SOx emission of the products 

such as bio-compost, activated-carbon, cellulose as well as briquette, pellet, and torrified pellet respectively for 

all three suppliers. It is suggested that suppliers develop strategies and measures to reduce air emissions 



 

 

generated from transportation, particularly from heavy trucks and encourage the adoption of low-emission 

vehicles. It would be an efficient way to invest in the development of fuel-efficient technology or green 

technology, particularly electric vehicle charging infrastructure for the transportation of raw materials. 

Environmental sustainability of transportation between production facilities and warehouse can be supported by 

consolidation of bio-refineries such that shipments to customers can be made with few trucks traveling short 

distances. Moreover, incorporation of peripheral warehouses and use of optimal packing boxes in the production 

of briquette, HP steam, PEF pellet, bio-oil, bio-char, torrified pellet, bio-syngas, bio-hydrogen, bio-gasoline, and 

ammonia would help to reduce the volume of truck and train transportation and vehicle trips. Finally, using the 

financial policy instruments (e.g., low tariffs) will be an important tool to encourage the adoption of 

sustainability in BSCs. 

 

4. Conclusion  

The main contribution of this study is to develop a combined  life cycle and dynamic simulation model to assist 

governments and decision-makers to define production and transportation strategies that facilitate a reduction in 

GHG and SOx emissions, water use and energy consumption in bioenergy production and supply system. Based 

on the papers and approaches reviewed in the present research, numerous studies are at the “understanding” 

stage focusing on analyzing the trend of WEN in a quantitative manner. The model was implemented and 

tested in a city and regional level in Malaysia that is consistent with the target proposed by the Malaysian 

Ministry of Energy, Science, Technology, Environment and Climate Change (MESTECC), which indicates the 

necessity to generate 20% of the total electricity from renewable energy by 2030. Results represent that the 

highest energy consumption and water use are for the production and transportation of three products: bio-

compost, cellulose, and activated-carbon. The production of those three products also have the highest SOx 

emissions. These results suggest that governments should pay the most attention to bio-compost, cellulose, and 

activated-carbon to reduce the environmental issues of BSC. Overall, total GHG emissions arise primarily from 

the production of briquette, pellet, and torrified pellet for each supplier. These results suggest that governments 

should also pay attention to reduce GHG emissions from production processes. 

This study demonstrates the practical applicability of the developed model in a long-term scenario analysis. 

Researchers can utilize the proposed approach when designing models consisting of one or multiple values that 

vary over time. The proposed approach can model such complex environments and can be graphically 

displayed, which facilitates the investigation and exploration of various potential scenarios and make it easy to 



 

 

detect the system’s behavior at particular times with any necessary details. The model also assists to understand 

the complex interactions in the BSC processes with various ‘what-if’ scenarios when the system consists of 

uncertainties.  The developed model is a practical tool for decision makers that can be generalized in various 

scales – i.e. regional, national, and global. The findings of this study can assist the government in developing 

relevant policies and strategies for the development of sustainable biomass industry. A potential direction for 

future research is to use multi-objective optimization model by combining strategic-tactical-operational decision 

levels to conduct life cycle assessment for identifying the environmental, economic, and social impacts related 

to all the stages of biomass production. 

Acknowledgment 

The first author would like to acknowledge the postgraduate research stipend scholarship and research lab 

facilities of RMIT university. The authors would like to acknowledge Viipuri Management Research Lab of 

Lappeenranta-Lahti University of Technology (LUT) for providing access to AnyLogic (University 8.5.0) 

software.  

References 

[1] Gleick PH. Water and energy. Annual Review of Energy and the environment. 1994;19:267-99. 

[2] Tan C, Zhi Q. The energy-water nexus: A literature review of the dependence of energy on water. Energy 

Procedia. 2016;88:277-84. 

[3] Rashid K, Mohammadi K, Powell K. Dynamic simulation and techno-economic analysis of a concentrated 

solar power (CSP) plant hybridized with both thermal energy storage and natural gas. Journal of Cleaner 

Production. 2020;248:119193. 

[4] Wang Y, Chen B, Guan C, Zhang B. Evolution of methane emissions in global supply chains during 2000-

2012. Resources, Conservation and Recycling. 2019;150:104414. 

[5] Zahraee SM, Shiwakoti N, Stasinopoulos P. A Review on Water-Energy-Greenhouse Gas Nexus of the 

Bioenergy Supply and Production System. Current Sustainable Renewable Energy Reports. 2020; 7: 28–39. 

[6] Roni MS, Thompson DN, Hartley DS. Distributed biomass supply chain cost optimization to evaluate 

multiple feedstocks for a biorefinery. Applied Energy. 2019;254:113660. 

[7] Khlifi S, Lajili M, Belghith S, Mezlini S, Tabet F, Jeguirim M. Briquettes Production from Olive Mill Waste 

under Optimal Temperature and Pressure Conditions: Physico-Chemical and Mechanical Characterizations. 

Energies. 2020;13:1214. 



 

 

[8] Lajili M, Jeguirim M, Kraiem N, Limousy L. Performance of a household boiler fed with agropellets 

blended from olive mill solid waste and pine sawdust. Fuel. 2015;153:431-6. 

[9] Zahraee SM, Assadi MK, Saidur R. Application of Artificial Intelligence Methods for Hybrid Energy 

System Optimization. Renewable & Sustainable Energy Reviews. 2016;66:617-30. 

[10] Umar MS, Jennings P, Urmee T. Generating renewable energy from oil palm biomass in Malaysia: The 

Feed-in Tariff policy framework. biomass and bioenergy. 2014;62:37-46. 

[11] Aivazidou E, Tsolakis N, Vlachos D, Iakovou E. A water footprint management framework for supply 

chains under green market behaviour. Journal of cleaner production. 2018;197:592-606. 

[12] Gao J, You F. Optimal design and operations of supply chain networks for water management in shale gas 

production: MILFP model and algorithms for the water‐energy nexus. AIChE Journal. 2015;61:1184-208. 

[13] Martinez-Hernandez E, Samsatli S. Biorefineries and the food, energy, water nexus—towards a whole 

systems approach to design and planning. Current Opinion in Chemical Engineering. 2017;18:16-22. 

[14] Ji L, Zheng Z, Wu T, Xie Y, Liu Z, Huang G, et al. Synergetic optimization management of crop-biomass 

coproduction with food-energy-water nexus under uncertainties. Journal of Cleaner Production. 

2020;258:120645. 

[15] Yuan K-Y, Lin Y-C, Chiueh P-T, Lo S-L. Spatial optimization of the food, energy, and water nexus: A life 

cycle assessment-based approach. Energy Policy. 2018;119:502-14. 

[16] Zahraee SM, Golroudbary SR, Shiwakoti N, Kraslawski A, Stasinopoulos P. An investigation of the 

environmental sustainability of palm biomass supply chains via dynamic simulation modeling: A case of 

Malaysia. Journal of Cleaner Production. 2019:117740. 

[17] Zahraee SM, Rohani JM, Wong KY. Application of computer simulation experiment and response surface 

methodology for productivity improvement in a continuous production line: Case study. Journal of King 

Saud University - Engineering Sciences. 2018;30:207-17. 

[18] Shahpanah A, Zahraee SM, Shiwakoti N. Optimization of ship traffic at berthing areas of maritime 

container terminals via Simulation Experiment. Logistics Research. 2019;12:2. 

[19] Zahraee SM, Rohani JM, Firouzi A, Shahpanah A. Efficiency improvement of blood supply chain system 

using Taguchi method and dynamic simulation. Procedia Manufacturing. 2015;2:1-5. 

[20] Rahimpour Golroudbary S, Krekhovetckii N, El Wali M, Kraslawski A. Environmental Sustainability of 

Niobium Recycling: The Case of the Automotive Industry. Recycling. 2019;4:5. 



 

 

[21] Golroudbary SR, Zahraee SM. System dynamics model for optimizing the recycling and collection of waste 

material in a closed-loop supply chain. Simulation Modelling Practice and Theory. 2015;53:88-102. 

[22] Zahraee SM, Hatami M, Bavafa AA, Ghafourian K, Rohani JM. Application of statistical taguchi method 

to optimize main elements in the residential buildings in Malaysia based energy consumption. Applied 

Mechanics and Materials. 2014; 606, 265-269. 

[23] Zahraee SM, Rezaei G, Shahpanah A, Chegeni A, Rohani JM. Performance Improvement of Concrete 

Pouring Process Based Resource Utilization Using Taguchi Method and Computer Simulation. Jurnal 

Teknologi. 2014;69:17-24. 

[24] Prinz R, Väätäinen K, Laitila J, Sikanen L, Asikainen A. Analysis of energy efficiency of forest chip supply 

systems using discrete-event simulation. Applied energy. 2019;235:1369-80. 

[25] Munasinghe M, Jayasinghe P, Deraniyagala Y, Matlaba VJ, dos Santos JF, Maneschy MC, et al. Value–

Supply Chain Analysis (VSCA) of crude palm oil production in Brazil, focusing on economic, environmental 

and social sustainability. Sustainable Production and Consumption. 2019;17:161-75. 

[26] Zahraee SM, Mokhtar AA, Tolooie A, Mohd Asri NA. Performance Evaluation of EFB Biomass Supply 

Chain for Electricity Power Generation Based on Computer Simulation: Malaysia Case Study. Lecture Notes 

in Mechanical Engineering. 2020:363-75. 

[27] Wang M, Wu M, Huo H, Liu J. Life-cycle energy use and greenhouse gas emission implications of 

Brazilian sugarcane ethanol simulated with the GREET model. International sugar journal. 2008;110. 

[28] Zahraee SM, Assadi MK. Applications and challenges of the palm biomass supply chain in Malaysia. 

2017;12(20):5789-93. 

[29] Ng RT, Ng DK. Systematic approach for synthesis of integrated palm oil processing complex. Part 1: single 

owner. Industrial & Engineering Chemistry Research. 2013;52:10206-20. 

[30] Eriksson E, Blinge M, Lövgren G. Life cycle assessment of the road transport sector. Science of the Total 

Environment. 1996;189:69-76. 

[31] Malaysian Palm Oil Board. Biomass Availability for 2018. 2018. 

[32] Forrester JW. Industrial dynamics. Journal of the Operational Research Society. 1997;48:1037-41. 

[33] Sterman JD. Business dynamics: systems thinking and modeling for a complex world. 2000. 

[34] Rashid K, Safdarnejad SM, Ellingwood K, Powell KM. Techno-economic evaluation of different 

hybridization schemes for a solar thermal/gas power plant. Energy. 2019;181:91-106. 

 



Seyed Mojib Zahraee: Conceptualization, Investigation, Data Curation, Formal analysis, 

Writing - Original Draft preparation. Saeed Rahimpour Golroudbary: Methodology, Software, 

Formal analysis. Nirajan Shiwakoti: Supervision, Writing – Reviewing and Editing. Peter 

Stasinopoulos: Supervision, Reviewing and Editing. Andrzej Kraslawski: Reviewing and 

Editing. 

 

*Credit Author Statement



Declaration of interests 
 

☒ The authors declare that they have no known competing financial interests or personal relationships 
that could have appeared to influence the work reported in this paper. 
 

☐The authors declare the following financial interests/personal relationships which may be considered 
as potential competing interests:  
 

 

 

 
 

The authors declare no competing financial interests. 
 

*Declaration of Interest Statement


	cover_zahraee
	ECM-D-20-02856R2

