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Biomass is a very import renewable energy source that can be used to generate power. To 

optimize the design of supply chain from biomass field to power plant, a variety of factors 

need to be considered due to the complex and uncertain nature of the biomass network. In 

this thesis, a case in lower Northern region of Thailand was studied. Nine rice husk suppliers 

and nine candidate power plants were considered to optimize the location of plants with 

consideration of supplier selection under incremental quality discount policy. After data was 

prepared, a mixed-integer mathematical model was built to identify the best locations of 

power plants with the objective of minimizing the total cost of biomass purchase, 

transportation, inventory holding, and fixed cost of opening plants. Five scenarios were 

analysed.  

The result shows the fixed plant cost is the primary factor deciding the plant opening, and 

the initial inventory affects the electricity satisfaction level. When the fixed cost is assumed 

to be constant among all plants, the opening of plants is decided by the combination of 

purchase cost and transportation cost. Regarding supplier selection, transportation cost is the 

main influencing factor. However, once quantity discount scheme changes the weight of 

purchase cost to a certain degree, it becomes more important for supplier selection, and it is 

a key factor for determining the purchase quantity at different discount levels. Overall, the 

result of the thesis gives the insights about the strategic and tactical decisions such as which 

candidate plants to open and how much to order from each supplier under incremental 

quantity discount to meet the demand of electricity at a desired level. 
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1  Introduction 

1.1  Background 

According to International Energy Agency (IEA) (2020), from 2019 to 2025 the demand of 

global electricity is predicted to increase by more than 10%, to 2030 the demand is estimated 

to be around 29,000 TWh, and almost half of it will be produced from green sources, such 

as nuclear energy and renewable sources. Biomass is a very important renewable source that 

can be burned in safe environment to generate power. With more and more focus on 

sustainable development in the society and business, the role of biomass has become more 

important and the production of bioenergy has been increasing. In order to optimally use the 

biomass with an increasing need, the design of biomass supply chain is essential.  

Supply chain design decisions are long-term decisions, for which a variety of tactical and 

operational decisions are involved. Strategic decisions are about the number, size and 

location of facilities required to produce electricity by taking advantage of available biomass 

sources, while the tactical and operational decisions are related to the selection of biomass 

suppliers and the purchase amount from each of the suppliers. To optimize the decision 

making, people often need to consider the total cost, which is related to the research topic of 

this thesis. 

The total cost studied in this thesis includes four components: biomass purchase cost, 

biomass transportation cost from supplier to plant, inventory holding cost at the plant, and 

plant fixed cost. Among those, purchase cost often plays a critical role. According to Ayhan 

& Kilic (2015), the purchase cost may reach up to 80% of total supply chain expenses, 

because of which purchasing activities need to be carefully planned before making decisions 

about the plant location. In literature, purchase costs are often linearly related to the purchase 

amount when location decisions are analysed (Farahani et al., 2009), but this may not be 

realistic since prices are open to discussion, with which specific pricing plans can be 

negotiated. Quantity discount is one plan offered by the suppliers to encourage their 

customers to buy more in comparison to linear cost scheme (Emirhüseyinoğlu & Ekici, 

2019). Dolan (1987) states that suppliers often prefer offering incremental quantity discount 

since it applies only to the volume that’s beyond certain level, referred to as break point. 
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Given the increasing implementation of incremental quantity discount scheme, it is 

interesting to see how it impacts the purchase cost. Once the purchase cost changes, the 

impact will further work on the total cost, which eventually affects the decisions in biomass 

supply chain design, such as plant location and supplier selection. Nevertheless, due to the 

complex interactions between biomass network players, incremental quantity discount 

policy should not be considered alone, but needs to be evaluated together with other 

influencers. In this thesis, a range of factors, such as plant fixed cost, supplier capacity, 

purchase cost, plant initial inventory, inventory holding, and supplier to plant distance, are 

integrated to see how they interact and affect the decisions. 

1.2  Research objective & questions 

Facility location problem in biomass supply chain has been discussed in many research 

papers (Alam et al., 2012: Yue & You, 2014; Wang et al., 2019; Wolff et al., 2023), biomass 

suppliers with material flow are sometimes included in the discussion of supply chain design 

(Kesharwani et al., 2018; Chen & Liu, 2023), but supplier selection is rarely mentioned as a 

focal research topic. Yildiz & Yayla (2015) reviewed literature for supplier selection with 

91 studies, among which there is only one study related to biomass supplier selection. 

Furthermore, there is almost no research identified in biomass business for a discussion of 

incremental quantity discount with supplier selection and facility location problem. To fill 

the gap of the research, this thesis will combine those streams to optimize the supply chain 

design, with an objective to decide the optimal location of power plants while simultaneously 

selecting the most suitable suppliers with consideration of the incremental cost of purchasing 

different quantities from the suppliers. To achieve this objective, different scenarios will be 

built, and a couple of research questions will be addressed, as listed below. 

Q1. What are the main factors that impact the opening of biomass power plants with an 

objective to minimize the total cost? 

Q2. Once the number, size, location of the opening plant is decided, what are the main factors 

impacting the selection of suppliers to the plants? 

Q3. How does the incremental quantity discount policy affect the decisions of plant opening 

and supplier selection? 
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Q4. Based on the results, what are the other important factors that impact the overall supply 

chain performance? 

In order to find the answers to those questions, a mixed-integer mathematical model will be 

built with consideration of four cost components, including purchase cost under a quantity 

discount schedule, transportation cost, inventory holding cost, and plant fixed cost. Also, 

since biomass supply and electricity demand vary over time, their periodical changes are 

taken into account in the model by dividing a longer time into a range of shorter periods. 

The result of this model will give the optimal solution to decide which candidate power 

plants to open, which biomass suppliers to select, and how much an open plant buys from a 

supplier at certain quantity discount level. 

Based on the results, it is expected to find a range of factors that impact the decisions in 

biomass supply chain design, and the factors can be ranked based on their influence to the 

decisions, with which relevant supply chain planners will be able to know whether it is 

possible to improve the performance and how to do it. 

In addition to answering those research questions, the thesis study will contribute to the 

existing literature. Compared to existing research, it will bring some incremental insights. 

First, it will add additional variables and constraints in the biomass supply chain, 

complementing some studies. Second, there is still little research about how the incremental 

quantity discount can affect the plant location and supplier selection. This thesis will shed 

some light on it.  

1.3  Research delimitation 

The case studied in this thesis is set in a specific region, where the biomass supplies are 

constrained to rice husk from certain fields, which limit the biomass source type, source 

location, and supply capacity. Similarly, the local geographical situations limit the number 

and location of candidate plants that can be tested in the model. As a result, nine rice husk 

suppliers and nine candidate plants are analysed, and some of them have huge differences in 

terms of fixed opening cost and biomass capacity supply, which cannot be flexibly changed 

to meet the conditional change of different scenarios. 
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Also, since this case is based on a real regional setting with some assumptions, the 

assumptions can be subjective to the thoughts of the thesis author. For example, the 

electricity production capacity is assumed to be the same among all the candidate plants, 

which can be different in the actual situation. Besides, the initial inventory, the plants’ 

storage capacity, the quantity discount scheme, are all based on the author’s assumptions, 

which can limit the analysis results to a certain direction. 

Furthermore, a biomass supply chain design problem is a very complex problem that 

contains a variety of uncertainties, social and environmental factors. Including only a set of 

parameters with a focus on cost minimization can only handle the problem from a specific 

angle. To make an optimal practical decision, more components, including the qualitative 

assessment of the decision-makers, need to be considered. 

1.4  Thesis structure 

The rest of this thesis is divided into following chapters: literature review about biomass 

supply chain design and existing research gap are discussed in Chapter 2. The main research 

streams for biomass supply chain design, and the use of optimization methods in the research 

will be described. 

Chapter 3 will first talk about the mathematical model, after which the case and the data used 

in the case will be discussed. The result of the analysis will be described in Chapter 4, where 

the outcomes of all scenarios will be presented with some comparisons. Finally, Chapter 5 

will summarize the findings. Limitations, as well as some future research possibilities will 

be addressed.  
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2  Literature review 

The location decision of power plant with supplier selection under incremental quantity 

discount policy is a topic that has gained little attention and not much research has been 

conducted. Since the topic contains three subtopics, each of which has been addressed by 

some researchers, or two of which have been studied together, but almost no researcher has 

integrated those three streams into one study. 

For example, there are some studies about biomass supply chain design with focuses such 

as the feedstock collection and logistics (Quddus et al., 2018; Strandgard et al., 2022), stock 

and inventory management (Jung et al., 2004), and biomass power plant location problems 

(Yue & You, 2014; Wang et al., 2019; Wolff et al., 2023). In parallel, a series of approaches 

and models have been developed to optimize the solutions with multi-objectives, which are 

usually related to economic, social, and environmental cost and benefits (Nandimandalam 

et al., 2022; Chen & Liu, 2023).  

This literature review will give an overview of those research results, including the relevant 

research streams and the models proposed in the studies. In the last part of this chapter, the 

research gap related to biomass plant location problem with supplier selection and discount 

policy will be discussed.  

2.1  Biomass supply chain design 

Biomass supply chain design which coordinates activities from the harvesting of biomass 

feedstocks to their delivery to the power plan, is an important aspect of biomass energy 

production. Effective supply chain planning can ensure a reliable supply of biomass and 

minimize the environmental impact of the supply chain activities. Biomass supply chain 

management is complex due to economic and environmental uncertainties, high number of 

network players, and conflicting objectives (Nguyen et al., 2021). Some tools and methods 

have been developed to optimize activities and mitigate disruptions. 

In managerial practices and academic literature, biomass supply chain design has received 

considerable attention. There are studies that have focused on various aspects of biomass 
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supply chain planning and management, including supply and demand uncertainties (Jung 

et al., 2004), material transportation (Li et al., 2019), facility location (Nguyen et al., 2021), 

inventory change (Akhtari et al., 2018), cost minimization (Alam et al., 2012), and 

operational scheduling (Cao et al., 2021), with objectives to understand environmental, 

social, and economic impacts. Those studies have often used mathematical models, 

especially optimization models to minimize cost, maximize benefits, and improve supply 

chain performance. 

One stream of research is biomass feedstock collection, storage, logistics and inventory, 

often with the considerations of supply or demand uncertainty. For example, Jung et al. 

(2004) incorporated safety stock levels to accommodate demand uncertainties in routine 

operation using a simulation-based optimization approach. The approach was used to 

determine the level of safety stock to meet the desired customer satisfaction in a chemical 

process industry.  

Quddus et al. (2018) presented a two-stage stochastic programming model to capture the 

uncertainties of feedstock seasonality in a solid waste to biofuel supply chain network. A 

case was studied in Mississippi with a goal to guarantee the use of solid waste above a 

threshold so that they could be blended with biomass feedstocks such as forest residues or 

corn-stover to minimize the impact caused by feedstock seasonality. The model was used to 

determine the optimal size and location of process terminals, facilities, and biorefineries 

under feedstock supply uncertainty. 

In another example, to reduce the logistics cost of forest biomass delivery operations, 

including storage, chipping, and transportation, Strandgard et al. (2022) compared four 

mathematical models (Linear programming (LP), Generalized Reduced Gradient (GRG) 

non-linear algorithm, evolutionary algorithm, greedy algorithm) in terms of delivered cost 

and solution speed. They found that the best performing model was the greedy algorithm 

and the first week delivered cost was not significantly affected by simulated rainfall less than 

20mm. 

The second stream is the location decisions of biomass power plant and how the location 

can impact the overall supply network performance. Yoo et al. (2010) developed a hybrid 

model to reduce the number of alternatives that are simulated for solving supply chain 

optimization problems. Decisions that are related to supply chain operations, number and 
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location of facilities, mode of transport, and the relocation of warehouses, can be made based 

on the model result. 

Yue & You (2014) proposed a two-level mixed-integer nonlinear programming (MINLP) 

model for optimizing the design and planning of a supply chain from the manufacturer’s 

perspective. As a middle player in the supply chain, manufacturer was examined for finding 

the optimal location, size, and selection of technology, and suppliers and customers in either 

end of the supply chain were analysed based on their relationships with the manufacturer to 

find their optimal profits. A branch-and-bound algorithm was used to solve two cases in 

Illinois.  

Wang et al. (2019) developed a fuzzy multi-criteria decision-making (FMCDM) model to 

optimize the site selection of biomass power plants. They applied a fuzzy analytic hierarchy 

process (FAHP) method to identify the weight of the criteria. In the last stage of the research 

Technique for Order Preference by Similarity to an Ideal Solution (TOPSIS) approach was 

used to rank the location of the plants. A case study was conducted in Vietnam with the 

finding of the best location for building biomass facility. 

Li et al. (2019) used a hybrid genetic algorithm in an integrated two-echelon location and 

routine model to determine the optimal location and size of biomass collection stations and 

delivery routes with the consideration of CO2 emission and split load. The model was 

validated in a case study in China. The results indicate that a two-echelon delivery scheme 

was more efficient for CO2 reduction and a scheme using trucks with trailers in a two-

echelon system was more effective, but vehicle type needed to be changed for a high CO2 

emission reduction. 

Cao et al. (2021) integrated facility location problem and vehicle routing problem into a 

single study for biomass supply chain planning. A mixed integer programming model with 

heuristic algorithm was proposed to find an optimal solution. A sensitivity analysis was 

conducted to better understand the relations between facility location and vehicle routing. 

The third stream is the cost structure analysis, with which researchers are trying to identify 

the most significant cost factors and how they can be optimized to reduce the overall supply 

network cost. For example, Alam et al. (2012) studied a case in North-western Ontario and 

applied two optimization models to analyse how the biomass competition could impact the 

cost structure and gross margins of four bioenergy power plants. Biomass types, processing 
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technology, procurement costs were considered as changing parameters in the model. The 

study identifies that the unit procurement cost was proportional to the size of the power 

plants and higher gross margin can be obtained if the forest management units were closer 

to the power plants. 

Additionally, Wu et al. (2022) applied a multidisciplinary approach with consideration of 

operational research, economic analysis, and geographical information system (GIS). They 

suggested a linear programming model with an objective to minimize the total agricultural 

biomass supply cost which comprised of five cost components. The model was tested in a 

case in Shandong Province of China. Out of all the components, they found that 

transportation cost and purchase cost were more significant, and the optimal supply cost 

value in their case was identified. 

Recently, Wolff et al. (2023) proposed a mixed-integer linear programming (MILP) model 

to optimize the renewable fuel supply chain planning with an objective to minimize the total 

cost of investment, production, transport, and storage processes. Multi-period location 

decisions on installing wind and solar system, investment in fuel production plants, storage 

capacity, and transportation infrastructure, as well as the operational activities were 

considered. The model was applied in a case study in Europe to support the policy makers. 

In a number of studies, including some previously discussed studies (Yue & You, 2014; Li 

et al., 2019), researchers are looking at the supply chain as an integrated entity of multiple 

components which could affect the business and society either consistently or oppositely, 

which is why study with multiple objectives is also popular. The most commonly studied 

objectives are related to economic, social, environmental aspects. For example, 

Nandimandalam et al. (2022) developed a multi-objective mathematical model to solve a 

two-layer supply chain network problem in Grenada Mississippi. Biomass harvesting, 

storage, power plant locations, selection of suppliers to the power plants, and transportation 

of biomass were considered in the model with an objective to minimize the overall system 

cost and Greenhouse Gas (GHG) emissions. A Pareto solution was obtained, and a sensitivity 

analysis was conducted by changing some parameter values. 

In a recent research, Chen & Liu (2023) used a mixed-integer linear programming model 

with constraints to balance economic, environmental, and social objectives having 

conflicting targets. A multi-period, multi-feedstock, multi-technology biomass to power 
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supply chain planning problem was addressed in Hubei Province in China. The case study 

concluded that even the economic objective was easily affected by parameter changes, 

environmental and social goals could be achieved consistently. 

Supplier selection, which could be a separate research stream in biomass supply chain 

planning, has been rarely discussed in literature, but rather studied in a broader scope in 

different business sectors. For instance, Yildiz & Yayla (2015) reviewed literature for 

supplier selection based on muti-criteria decision-making (MCDM) methods. They 

examined the relevant publications from 2001 to 2014 for 91 studies. According to their 

review, there were three groups of methods: individual, hybrid, and hybrid-fuzzy methods, 

in which Analytic Hierarchy Process (AHP) was the mostly used individual and hybrid 

methods, and hybrid fuzzy methods became more popular in the decade of early 2000. 

Regarding sectors, electrical-electronics and automotive sectors were predominantly studied 

for supplier selection. Regarding the supplier selection in biomass supply chain business, 

there was only one case mentioned in the review, which was the application of a MILP model 

to select suppliers in the agricultural sector. The case was conducted by Hong et al. (2005) 

in Korea. In their study, they suggested a linear programming model by considering the 

changes in supply capabilities and customer needs over the time. 

On the other hand, supplier selection is sometimes discussed together with the supply chain 

planning components in biomass related business. For example, in the study of 

Nandimandalam et al. (2022), they applied a multi-objective mathematical model to solve a 

two-layer supply chain network problem in Grenada Mississippi. Selection of suppliers to 

the power plants, biomass harvesting and storage, and material transportation were 

considered in the model with an objective to minimize the overall system cost and 

Greenhouse Gas (GHG) emissions.  

Overall, the biomass supply chain design is essential to ensure a reliable supply, minimize 

the economic cost and environmental impacts, and maximize social benefits. A range of 

study streams, such as the biomass feedstock collection and logistics, location of power 

plants, and cost structure analysis, are covered in the research area. Given the uncertain 

nature of the biomass network, some research has included demand uncertainty or supply 

uncertainty in the analysis (Jung et al., 2004; Quddus et al., 2018). Facility location problem 

has been discussed very frequently in biomass supply chain planning problems (Alam et al., 

2012; Quddus et al., 2018; Cao et al. 2021) with different objectives, including a single 
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objective like the total cost minimization (Wu et al., 2022), or multiple objectives for cost 

minimization and CO2 emission minimization (Kesharwani et al, 2018).  

2.2  Optimization in supply chain design 

As the previous literature review shows, optimization often plays a crucial role in supply 

chain design problem. By implementing an optimization model, organizations and 

companies can make decisions for an optimal supply chain that maximizes benefits, 

minimizes costs, and improves overall efficiency. Among the optimization models in supply 

chain design, Linear programming (LP) and mixed-integer linear programming (MILP) are 

most used. For example, Chen et al. (2018) proposed a MILP model for the design of food 

supply chain. Cao et al. (2021) implemented a MILP model to solve a location-routing 

problem with facility selection in a biomass supply chain by using a heuristic algorithm.  

Additionally, simulation-based optimization uses computer models to simulate different 

scenarios in supply chain to identify the best suitable scenario. This approach is extremely 

useful in solving complex supply chain problems. One of such problem was analysed by 

Akhtari et al. (2018) to compare cost, demand fulfilment, and forest biomass supply chain 

emission for two inventory systems. A number of facilities using different types of 

biomasses, logistics resources, and biomass substitution were simulated in the model for an 

analysis of multiple scenarios. 

To meet the need of multi-objective studies in biomass supply chain, a multi-objective 

optimization approach can be used to optimize several objective functions simultaneously. 

In biomass supply chain design problems, cost minimization and CO2 emission functions 

can be optimized in one model, and sometimes social benefit functions can be included as 

the third objective. As an example, Nguyen et al. (2021) designed a multi-objective model 

for a biomass supply chain planning problem that aimed to minimize the total cost and 

transportation carbon footprint simultaneously. 

In another example, Kesharwani et al. (2018) proposed a multi-objective nonlinear 

optimization model for a four-layer biofuel supply chain network with consideration of 

economic, social, and environmental factors. The model was built to optimize the profit, 

CO2 emission in the transportation, and the biofuel market share by incorporating facility 
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selection, material flow, and customer locations. A particle swarm optimization algorithm 

was used to find the near optimal solution in a case study in the state of Missouri in the 

United States.  

To deal with uncertainties, sometimes a fuzzy set theory or fuzzy programming is used to 

formulate imprecise variables or transform qualitative criteria to quantitative parameters. 

Zimmermann (1978) extended his fuzzy linear programming to multi-objective linear 

programming problems, and since then the approaches have been implemented in various 

cases. For instance, Ayhan (2013) applied an integrated approach including Fuzzy Analytical 

Hierarchy Process (FAHP) and MILP in a two-stage process to solve supplier selection 

problem in a gear motor company. 

2.3  Facility location, supplier selection, and quantity discount policy 

Before talking about the facility location, supply selection, and quantity discount policy in 

biomass network design, the topic can first be extended to business in general. For instance, 

the first study that links location problem with discount scheme was conducted by Soland 

(1974), he applied a concave cost function to analyse (un)capacitated plant location problem. 

Cost factors involving plant opening, operation, and distribution were included in the 

function and a branch-and-bound algorithm was used to solve the function. Broek et al. 

(2006) proposed a concave cost function based on real data and linearized it with a heuristic 

approach. The analysis of real data revealed that the concave cost function began to look 

more linear beyond a certain threshold value, as it was impossible to obtain discounts at an 

unlimited rate.  

In a two-echelon supply chain network problem, Emirhüseyinoğlu & Ekici (2019) analysed 

the location decision of a retailer in multi-period with consideration of customer demand, 

customer location, and supplier price under incremental discount policy. To address the 

problem, they formulated a mixed-integer mathematical model with an objective to satisfy 

the customer demand at a minimum cost and solved it with two implementations of the 

proposed approach. 
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Regarding the literature of facility location with supplier selection under quantity discount 

in biomass business, Table 1 summarizes the papers discussed in the previous sections, 

showing how they are relevant to this integrated research topic. 

Table 1. Summary of literature review for facility selection, supplier selection, and quantity 

discount policy in biomass supply chain design 

Paper 
Facility 

location 

Supplier 

selection 

Quantity 

discount 
Others 

Jung et al. (2004)    Inventory management 

Hong et al. (2005)  x   

Alam et al. (2012) x  
Price 

change 
Cost structure 

Yue & You (2014) x   Customer/Supplier profit 

Akhtari et al. (2018)    
Inventory management, 

cost structure 

Quddus et al. (2018) x   Feedstock uncertainty 

Kesharwani et al. 

(2018) 
x   Material flow 

Wang et al. (2019) x    

Li et al. (2019) x   Delivery routing 

Cao et al. (2021) x   Vehicle routing 

Nguyen et al. (2021) x   Cost structure 

Nandimandalam et al. 

(2022) 
x x  

Biomass harvesting, 

storage, transportation 

Strandgard et al. 

(2022) 
   Delivery cost 

Wu et al. (2022)   
Price 

change 
Cost structure 

Wolff et al. (2023) x   Cost structure 

Chen & Liu (2023)   
Price 

change 

Change of biomass 

sources 
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As presented in Table 1, out of 16 papers related to biomass supply chain design, only Hong 

et al. (2005) have focused on supplier selection, and only Nandimandalam et al. (2022) have 

discussed facility location problem together with supplier selection. Additionally, three 

papers (Alam et al., 2012; Wu et al., 2022; Chen & Liu, 2023) have mentioned the impact 

of biomass price change to the supply chain performance, but they were not specifically 

focusing on the price change caused by the quantity discount. Obviously, there is little 

research that has integrated facility location, supplier selection, and quantity discount into a 

single problem in biomass supply chain business.  

2.4  Research gap 

As a conclusion of the literature review, there is little existing research about the facility 

location problem in biomass supply chain with consideration of supplier selection under 

quantity discount. Table 1 in section 2.3 indicates that few papers have included supplier 

selection in the biomass network planning problems (Hong et al., 2005; Nandimandalam et 

al., 2022) and there is no paper in the review that has considered facility location together 

with supplier selection under incremental quantity discount. Hence, new research is desired. 

On the other hand, when extending the topic to other industries, according to Ekşioğlu et al. 

(2009), even there is literature about the supply chain design and logistics management in 

industries, these models often cannot be applied directly in a specific business area. General 

industrial supply chain design focuses mainly on the demand uncertainty and seasonality, 

while in biomass to power supply chain, not only demand is seasonal but also supply due to 

the constraints of land availability and weather conditions, as well as the change of field 

owner’s decisions. Hence, to address the remaining gaps, more research can be done in this 

area such as the integration of different biomass sources, the impact of uncertainties 

involving various players in the supply chain, the inclusion of more variables and constrains, 

the implementation of more objectives, and more case studies in specific geographical areas 

to test the application under different conditions. 

To address some of those research gaps, this thesis is designed to deal with the power plant 

location problem with supplier selection under incremental quantity discount policy. It 

intends to decide the optimal location of power plants while simultaneously selecting the 

most suitable suppliers with consideration of the incremental cost of purchasing different 
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quantities from them. As the topic indicates, three aspects are included: power plant location, 

supplier selection, and incremental quantity discount policy.  

Compared to existing research, this thesis brings some new or incremental insights. First, it 

adds more variables and constraints involving all main players in the biomass supply chain, 

which complements some current studies. Second, there is still little research about how the 

incremental quantity discount can affect the plant location and supplier selection. This thesis 

will shed some light on it. Third, the case is studied in Thailand, which increases specific 

case studies in more regions and add practical application of the proposed models. This is 

not only useful for literature study but it also provides practical methods to relevant planning 

personnel in biomass supply chain business.  
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3  Mathematical model and case study 

The case defined in this thesis is set in Thailand. Being the second largest rice exporter in 

2019 (World’s Top Exports, 2019), Thailand has rich biomass source of rice husk. With an 

estimate of 78% energy demand increase from 2015 to 2036 in Thailand, renewable energy 

sources are projected to meet 30% of total energy demand by 2036, of which biomass is 

estimated to account for 85% of heating renewable sources (International Renewable Energy 

Agency - IRENA, 2017). By 2050 the use of biomass energy is expected to grow by 0.9% 

each year (Kamalad, 2021).  

In this context, optimizing the design of biomass supply chain is very important. An optimal 

design should be able to not only meet the current need of electricity, but also consider how 

the design adapts to future changes. Moreover, in a complex changing environment, a good 

model should include uncertain factors related to energy supply and demand. To meet those 

need, the model designed in this thesis contains changeable parameters such as the initial 

inventory quantity set at the beginning of time, the electricity demand percentage set to meet 

the local need, the quantity and price set at different discount levels. In the meantime, some 

parameter inputs in this case, such as the plant’s storage capacity and production capacity, 

may be changed under certain conditions to better fit the actual situation.  On the other hand, 

even some factors, such as the supply of biomass and the plant fixed cost, are assumed to be 

fixed, can still be fine-tuned for a better solution. Hence, the model developed in this thesis 

is not fixed to a particular scenario but can be tuned to fit a variety of situations and be used 

in a broader scope.  

The first section in this chapter will describe the mixed-integer mathematical model for the 

optimization. Section 3.2 will present the case background. The data used in the model will 

be introduced simultaneously. 

3.1  Mathematical model 

A mixed-integer mathematical model built for the case covers a set of suppliers which offer 

rice husk to a set of candidate power plants in multiple periods that cross one year. Plants 

can order the biomass at different discount levels under incremental discount policy. 
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Compared to all-units quantity discount which applies to the entire order if the quantity is 

above the break point (a particular quantity defined in the scheme), incremental quantity 

discount policy applies only to products purchased above the break point (Sebatjane & 

Adetunji, 2019). To better illustrate how the incremental quantity discount plan works, an 

example is given in Table 2. As depicted in the table, there are three discount levels with 

corresponding prices. If a customer orders 250 units at level 3, referring to a quantity 

between upper limit 2 (U2) and 3 (U3), the customer needs to pay a total purchase cost of 

4550, which includes the cost with quantity discount (3750) and additional cost (800) caused 

by the incremental discount plan. After relating the additional costs at different levels, it 

shows that additional cost k at level L with upper limit U and corresponding price P can be 

written as  𝑘𝑙 = 𝑘𝑙−1 + (𝑃𝑙−1– 𝑃𝑙) 𝑈𝑙−1, ∀𝑙 ∈ 𝐿 where 𝑘1 = 0 (Emirhüseyinoğlu & Ekici, 

2019). 

 

Table 2. An example showing the additional cost of incremental discount plan 

Discount upper limit 100 (U1) 200 (U2) 300 (U3) 

Discounted price 20 (P1) 18 (P2) 15 (P3) 

Quantity purchased   250 

Total purchase cost   250*15 + 200 * (18-15) + 100 * 

(20-18) = 4550 

Cost with quantity 

discount 
  250*15 = 3750 

Additional cost for 

incremental discount 
K1 = 0 

K2 = 100 * (20-

18) 

K3 = 100 * (20-18) + 200 * (18-

15)  

      = K2 + U2 * (P2-P3)  

      = 800 

Relations between 

different levels of 

additional cost 

 K2 = K1 + U1 * 

(P1-P2) 
K3 = K2 + U2 * (P2-P3) 

 

Once the relationship of additional costs at different levels under incremental discount plan 

is understood, the cost can be calculated in advance in the model. As mentioned in previous 

section, the objective of the model is to minimize the total cost related to the planning and 
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general operation of the biomass supply chain. From the plant opening to biomass purchase, 

transportation, and inventory holding, relevant parameters, as well as the corresponding 

constraints, are covered in the model. Section below gives details about the components of 

the model. 

 

Sets: 

i = 1,…,I set of suppliers 

j = 1,…J set of candidate power plants 

l = 1,…,L set of discount levels 

p = 1,…,P set of periods 

 

Parameters: 

𝐷𝑝: electricity demand in period p 

𝑆𝑖𝑝: biomass capacity of supplier i in period p 

𝜌: conversion rate: electricity kMh converted by 1 ton of biomass 

𝑑𝑖𝑗: distance between supplier i and plant j 

𝐹𝑗: fixed cost of plant j  

𝐶𝑗: production capacity of plant j 

INI: initial inventory quantity, which is the same for all candidate plants 

𝑅𝑗: inventory holding cost at plant j 

𝐸𝑗: biomass storage capacity of plant j 

𝑈𝑖𝑙: upper discount quantity of biomass at level l for supplier i 

𝑣𝑖𝑙: price offered by supplier i at discount level l 

T: transportation cost per ton per km 

∅: total number of candidate plants 

𝑘𝑖𝑙: additional purchase cost at discount level l from supplier i, as shown in the example: 

𝑘𝑖𝑙 = 𝑘𝑖,𝑙−1 + (𝑝𝑖,𝑙−1– 𝑝𝑖𝑙) 𝑈𝑖,𝑙−1, ∀𝑙 ∈ 𝐿 where 𝑘𝑖1 = 0 

 

Decision variables: 

𝑋𝑖𝑗𝑝: quantity shipped from supplier i to plant j in period p 

𝑄𝑖𝑝: quantity purchased from supplier i in period p 
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𝑞𝑖𝑗𝑙𝑝: quantity purchased from supplier i by plant j at discount level in period p if an order is                

made 

𝐵𝑗𝑝: quantity used at plant j in period p 

𝑖𝑛𝑣𝑗𝑝: inventory level at plant j in period p 

𝑡𝑖𝑗𝑙𝑝 = {
1,  𝑖𝑓 𝑎𝑛 𝑜𝑟𝑑𝑒𝑟 𝑖𝑠 𝑚𝑎𝑑𝑒 𝑓𝑟𝑜𝑚 𝑠𝑢𝑝𝑝𝑙𝑖𝑒𝑟 𝑖 𝑏𝑦 𝑝𝑙𝑎𝑛 𝑗 𝑎𝑡 𝑙𝑒𝑣𝑒𝑙 𝑙 𝑖𝑛 𝑝𝑒𝑟𝑖𝑜𝑑 𝑝
0,  𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

 

𝑦𝑗 = {
1,  𝑖𝑓 𝑝𝑙𝑎𝑛𝑡 𝑗 𝑖𝑠 𝑜𝑝𝑒𝑛
0,  𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

 

 

 

Objective function: 

Minimize: 

∑ ∑ ∑ ∑ 𝑣𝑖𝑙𝑞𝑖𝑗𝑙𝑝

𝑃

𝑝=1

𝐿

𝑙=1

𝐽

𝑗=1

𝐼

𝑖=1

 +  ∑ ∑ ∑ ∑ 𝑘𝑖𝑙𝑡𝑖𝑗𝑙𝑝

𝑃

𝑝=1

𝐿

𝑙=1

𝐽

𝑗=1

𝐼

𝑖=1

+ 

 ∑ ∑ ∑ 𝑑𝑖𝑗𝑋𝑖𝑗𝑝

𝑃

𝑝=1

𝐽

𝑗=1

𝑇

𝐼

𝑖=1

+  ∑ ∑ 𝑖𝑛𝑣𝑗𝑝𝑅𝑗

𝑃

𝑝=1

𝐽

𝑗=1

+ ∑ 𝐹𝑗

𝐽

𝑗=1

𝑦𝑗 

( 1 ) 

 

In which: 

Purchase cost:  

∑ ∑ ∑ ∑ 𝑣𝑖𝑙𝑞𝑖𝑗𝑙𝑝

𝑃

𝑝=1

𝐿

𝑙=1

𝐽

𝑗=1

𝐼

𝑖=1

 +  ∑ ∑ ∑ ∑ 𝑘𝑖𝑙𝑡𝑖𝑗𝑙𝑝

𝑃

𝑝=1

𝐿

𝑙=1

𝐽

𝑗=1

𝐼

𝑖=1

 

( 2 ) 

Transportation cost: 

∑ ∑ ∑ 𝑑𝑖𝑗𝑋𝑖𝑗𝑝

𝑃

𝑝=1

𝐽

𝑗=1

𝑇 

𝐼

𝑖=1

 

( 3 ) 

Inventory holding cost: 

∑ ∑ 𝑖𝑛𝑣𝑗𝑝𝑅𝑗

𝑃

𝑝=1

𝐽

𝑗=1

 

( 4 ) 
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Plant fixed cost:  

∑ 𝐹𝑗

𝐽

𝑗=1

𝑦𝑗 

( 5 ) 

Subject to: 

𝐷𝑝  ≤  𝜌 ×  ∑ 𝐵𝑗𝑝

𝐽

𝑗=1

 

( 6 ) 

𝜌 × 𝐵𝑗𝑝  ≤  𝑦𝑗 × 𝐶𝑗 

( 7 ) 

𝑄𝑖𝑝 =  ∑ 𝑋𝑖𝑗𝑝

𝐽

𝑗=1

 

( 8 ) 

𝑋𝑖𝑗𝑝 =  ∑ 𝑞𝑖𝑗𝑙𝑝

𝐿

𝑙=1

  

( 9 ) 

 

𝑞𝑖𝑗𝑙𝑝 ≤  𝑈𝑖𝑙 ×  𝑡𝑖𝑗𝑙𝑝 

( 10 ) 

𝑞𝑖𝑗𝑙𝑝 ≥  𝑈𝑖,𝑙−1  ×  𝑡𝑖𝑗𝑙𝑝 

( 11 ) 

𝑞𝑖𝑗𝑙𝑝 ≤  𝑦𝑗  × 𝐵𝑖𝑔𝑀 

( 12 ) 

∑ 𝑡𝑖𝑗𝑙𝑝

𝐿

𝑙=1

≤ 1 

( 13 ) 

 

∑ 𝑋𝑖𝑗𝑝

𝐽

𝑗=1

 ≤  𝑆𝑖𝑝 

( 14 ) 

𝑖𝑛𝑣𝑗1 =  𝐼𝑁𝐼 +  ∑ 𝑋𝑖𝑗1

𝐼

𝑖=1

− 𝐵𝑗1 

( 15 ) 
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𝑖𝑛𝑣𝑗𝑝 =  𝑖𝑛𝑣𝑗,𝑝−1 +  ∑ 𝑋𝑖𝑗𝑝

𝐼

𝑖=1

−  𝐵𝑗𝑝  

( 16 ) 

𝑖𝑛𝑣𝑗𝑝  ≤  𝐸𝑗   

( 17 ) 

∑ 𝑦𝑗  ≤  ∅

𝐽

𝑗=1

 (∅: 𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑎𝑛𝑑𝑖𝑑𝑎𝑡𝑒 𝑝𝑙𝑎𝑛𝑡𝑠) 

( 18 ) 

𝑋𝑖𝑗𝑝 ≥ 0, 𝑞𝑖𝑗𝑙𝑝  ≥ 0, 𝐵𝑗𝑝  ≥ 0, 𝑖𝑛𝑣𝑗𝑝  ≥ 0  𝑡𝑖𝑗𝑙𝑝, 𝑦𝑗 ∈  [0, 1] 
( 19 ) 

Equation (1) is the objective function aiming to minimize the total cost which includes 

purchasing cost with additional cost caused by the incremental quantity discount plan 

(equation (2)), transportation cost (equation (3)), inventory holding cost (equation (4)), and 

the fixed cost of opening the plants (equation (5)). Equation (6) to equation (18) are 

constraints. Constraint (6) ensures that demand in each period for the required level of 

electricity must be satisfied. Constraint (7) ensures the production capacity of the plants is 

not exceeded. Constraint (8) shows for each supplier in each period, the total purchased 

biomass is equal to the biomass shipped to all plants from that supplier.  

Equation (9) indicates that the shipment from one supplier to one plant in one period is equal 

to its purchase quantity at all levels from that supplier in that period. Constraint (10) and 

(11) ensure the purchased quantity with discount is between the range defined in the discount 

scheme. Constraint (12) tells if a plant is not open there is no purchase order. Constraint (13) 

determines that one plant only orders at one discount level from one supplier in one period 

if there is a purchase. Constraint (14) indicates the supplier capacity must not be exceeded. 

Equation (15) and (16) refer to the change of inventory, and constrain (17) indicates that the 

biomass stock at one plant in any period is within the storage capacity. Equation (18) ensures 

that opened biomass plants cannot be more than the total number of candidate plants. 

Equation (19) shows the non-negative and binary variable constraints.  
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3.2  Case study 

The case is set in the Lower Norther region of Thailand. Majority of data used in the case is 

originally collected by Nguyen et al. (2021) in their research with a multi-objective model 

for biomass supply chain planning. The case is analysed for one year divided into 12 

periods/months. The electricity demand forecast is presented in Figure 1, where it shows the 

monthly demand is changing over time. At the beginning of the year, the demand is relatively 

lower compared to the remaining months. On average, the demand is around 566 million 

kWh. Nine suppliers of rice husk located in that region are selected and nine potential 

location of biomass plants are considered. Suppliers in the case are named as S1, S1, …, S9, 

while plants are listed as P1, P2, … P9. Distance between each pair of supplier and plant is 

calculated. Supplier capacity data is collected from the nine rice mills.  

 

Figure 1. Electricity demand by month 

Due to the seasonal difference in rice husk harvesting, there are peak and low periods in 

biomass outputs. As presented in Figure 2, there are two peak seasons for rice harvesting in 

that region: March to July, October to December. During those harvesting months, the rice 

husk is supplied at high volume, while in seasons there is no harvesting, such as in months 

January, February, August, and September, no rice husk is being collected, therefore the 

biomass supply is low. 
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Figure 2. Rice husk availability by month 

The starting price per ton of rice husk is estimated to be 50 USD. For all suppliers, there are 

assumed to be 4 levels of quantity discount. Based on the capacity and discount policy set 

for the suppliers, the quantity and actual selling price at each level vary. The highest upper 

limit of all levels is assumed to be the capacity of each supplier. For some suppliers with 

smaller capacity, for example the supplier 7 and supplier 9, their prices above certain levels 

remain constant. Table 3 and Table 4 show the upper quantity limit of each discount level 

and the corresponding prices respectively. 

Table 3. Discount level and upper limit from suppliers (ton) 

 L1 L2 L3 L4 

S1 500 800 1100 2116 

S2 500 1000 2000 8462 

S3 500 700 1000 1763 

S4 500 1000 1500 4231 

S5 300 500 700 1403 

S6 300 300 500 952 

S7 200 300 300 635 

S8 200 300 500 1058 

S9 20 70 70 141 

 

Table 4. Discount level and price from suppliers (USD) 

 L1 L2 L3 L4 

S1 50 45 42.5 42 

S2 50 42.5 40 38 

S3 50 45 42.5 43 
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S4 50 42.5 41 40 

S5 50 45 44 43 

S6 50 47.5 45 45 

S7 50 47.5 47.5 48 

S8 50 47.5 45 45 

S9 50 50 50 50 

 

To ensure the energy security in the long term, the capacity of each candidate power plant is 

assumed to be 9.8 million kWh per day (294 million kWh per month), which can meet around 

50% of electricity demand in that region. Figure 3 illustrates the location of the suppliers 

and plants on the map and size of bubble indicates the suppliers’ capacity. The fixed costs 

of opening the plants are based on the land prices in different provinces, which are shown in 

table 4. 

 

Figure 3. Location of nine rice husk suppliers and nine candidate power plants 
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As presented in Table 5, Plant 5 has the lowest fixed opening cost, followed by Plant 5 and 

Plant 1. Plant 9, 7, 8 have the intermediate level cost. Plant 3’s fixed cost is the highest, 

which is more than triple of the cost of Plant 5. 

Table 5. Fixed cost of opening the plants (USD) 

Plants Fixed cost of opening plants (USD) 

P1                                                 7,810,000  

P2                                               12,038,126  

P3                                               25,280,750  

P4                                                 7,658,750  

P5                                                 7,191,250  

P6                                               12,742,971  

P7                                                 8,797,250  

P8                                               10,425,800  

P9                                                 8,360,000  

 

Initial inventory of all candidate plants is set to be the same. Depending on the scenarios, 

two levels of initial inventories are tested in the model: 10,000 tons and 30,000 tons. The 

inventory holding cost per ton of rice husk is estimated to be 0.0084 USD. Storage capacity 

of all plants in one period is assumed to be the same: 30,000 tons. Transportation cost per 

ton per km is the average cost of selected trucks, which is around 0.27 USD. Based on the 

location condition and vehicle availability, three types of trucks (pickup, 6-wheel, 10-wheel), 

and a 22-wheel trailer are selected in the case study. 
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Figure 4. Possible supply chain planning result in period 1 and period 2 

With all data and assumptions, one possible outcome view in period 1 and 2 is depicted in 

Figure 4. In this view, plant 3 is not open. For those opened plants, the quantity to be 

purchased from the selected supplier at the optimal order level can be decided. Based on the 

shipment quantity, the use of biomass at the plant, and the starting inventory in each period, 

ending inventory can be calculated. Based on the purchase price, additional cost, quantity, 

distance, and unit transportation cost, total purchase cost and total transportation cost can be 

calculated. The electricity satisfactory level in the view is set to be 10%, but the number can 

be changed to meet alternative needs.  
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Having the planning view across the entire period, planners or decision-makers would know 

well in advance how many and which plants will be opened, which suppliers to select in 

each period, and quantity of biomass shipped in each period from the selected suppliers. 

They can also flexibly change the non-fixed parameters to plan and use the resources as 

effectively as possible.   
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4  Results and analysis 

The model was implemented in IBM ILOG CPLEX Optimization Studio. Five scenarios are 

tested by the model. The model statistics can be different depending on the scenarios. In 

scenario 1, there are 1417 constraints, 441 binary variables, 1728 other variables, and 6345 

non-zero coefficient.  

In scenario 1 and scenario 2, initial inventory is set to be 10,000 tons. In scenario 1, plants 

can order biomass at four different quantity discount levels while in scenario 2, there is no 

discount scheme. The other conditions are equal, as described in Table 6. Since both 

scenarios need to satisfy 10% of regional electricity demand, their expenses are similar 

except for purchase cost due to the implementation of incremental discount policy in 

scenario 1. Specifically, both scenarios use about 86% of total biomass supply for the entire 

12 periods, and both require three plants (1, 4, 5) to open, but they have different results for 

supplier selection. In scenario 2 all nine suppliers are selected while in scenario 1 supplier 6 

and 9 are not included. As a result of quantity discount, the purchase cost in scenario 1 saves 

USD 1.24 million compares to scenario 2 where no such policy is applied.   

Table 6. Result of scenario 1 and scenario 2 

 Scenario 1 Scenario 2 

With discount scheme? Yes No 

Initial inventory 10,000 10,000 

Electricity satisfaction level 10% 10% 

Biomass utilization rate 86% 86% 

Final inventory 0 0 

Plants to be opened 1, 4, 5 1, 4, 5 

Suppliers to be selected 7 suppliers, except S6 and S9 All 9 suppliers 

Order levels 

All at level 4, except S3 to P1 at 

level 1 in period 12 and S7 to P1 

at level 1 in period 3 

/ 

Total cost (USD) 30.49 million 31.69 million 
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Purchase cost (USD) 5.87 million (19.3%) 7.11 million 

Transportation cost (USD) 1.95 million (6.4%) 1.91 million 

Inventory holding cost 

(USD) 
1.2 thousand 1.1 thousand 

Plant fixed cost (USD) 22.66 million (74.3%) 22.66 million 

 

Regarding which suppliers being selected by which plants, the result of scenario 1 is 

presented in Table 7. Suppliers 1, 3, 4, 7, 8 are selected by plant 1. Suppliers 2 and 5 are 

selected by plant 4. While there are no suppliers selected by plant 5, the plant is decided to 

be open for the use of its initial biomass stock. 

Table 7. Supplier selection in scenario 1 

 
P1 P4 P5 

S1 x 
  

S2 
 

x 
 

S3 x 
  

S4 x 
  

S5 
 

x 
 

S6 
   

S7 x 
  

S8 x 
  

S9 
   

 

Figure 5 depicts the location of selected suppliers to the open plants in scenario 1. Red 

squares highlight the opened plants, yellow circles group the selected suppliers for an open 

plant, and the blue arrows show which group of supplier ship to which plant. There are 

several reasons to explain the opening and selection result. First, the plant fixed cost has 

much higher share in the cost structure than the other components. With a share of 74.3% in 

scenario 1, plant fixed cost has a dominant role to decide whether plants are opened, that is 

why the three plants (1, 4, 5) with lowest fixed cost are decided to be opened. Second, once 

the plants are open, in seasons when rice husk becomes available, the purchase cost (which 

has a cost share of 19.3%) and transportation cost (with a share of 6.4%) decide which 

suppliers be selected by which plants. In the case of scenario 1, suppliers with higher 
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capacity offer higher quantity discount, those suppliers are selected first by the plants for a 

lower cost. However, if the price discounts are similar and biomass availability is not an 

issue, plants select the suppliers which are closer them to save the transportation cost.  

 

Figure 5. Plant opening and supplier selection in scenario 1 

On the other hand, when there is no quantity discount, as the case tested in scenario 2, since 

the plant fixed cost is still the primary decision factor, the opening of plants is the same as 

in scenario 1, plant 1, 4, 5 are opened, but the selection of suppliers is different. As shown 

in Table 8, suppliers 6 and 9 are now added compared to scenario 1, and they both ship rice 

husk to plant 4. The reason for adding those two suppliers is: without the quantity discount, 

the purchase cost increases. When considering both purchase cost and transportation cost, if 

the additional purchase from existing suppliers plus transportation leads to greater cost than 

the purchase from new suppliers 6 and 9 plus transportation, the model decides to add those 

two additional suppliers to minimize the total cost. 

Table 8. Supplier selection in scenario 2 

  P1 P4 P5 

S1 x     

S2   x   

S3 x     

S4 x     
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S5   x   

S6   x   

S7 x     

S8 x     

S9   x   

 

Regarding the decisions about which quantity level to order from which supplier, since in 

this case the higher quantity order has higher discount, and the highest order level is related 

to the capacity of suppliers, despite the introduction of additional cost caused by incremental 

discount schedule, the model tends to select the suppliers at the highest discount level with 

the lowest price. In cases where all available biomass is ordered from certain suppliers, the 

model can help find next optimal supplier with additional biomass to meet the total demand 

requirement. 

In order to understand the impact of quantity upper limits to the discount levels, an extra 

scenario is tested with different break points at discount level 4, which are less than the 

supplier’ capacity. The result tells that the decision of opening which plants does not change, 

but the purchase order made by the plants changes to different suppliers or to different levels, 

which makes sense given that one plant can only order at one level in one period, if the 

quantity at higher discount level is not enough to meet the need, the plant goes to other 

suppliers or other levels for a feasible solution. In parallel, the purchase cost in the new 

scenario increases because of the higher prices at lower levels. 

Next, another test result demonstrates how the change of electricity demand can impact the 

decisions. As displayed in scenario 3 in Table 9, where initial inventory remains 10,000 but 

electricity demand is up to 14% in each period, the model decides to open 8 plants, and 8 

suppliers are selected. Almost all the available biomass from those 8 suppliers is used up, 

leading to a total utilization rate of 97%. All orders are determined to be purchased at highest 

level 4. Compared to scenario 1, even the demand only increases from 10% to 14%, the total 

cost has more than doubled due to the opening of additional plants. Because of this big 

difference, when making decisions, decision-makers need to carefully consider the trade-

offs. 
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Table 9. Result of scenario 3 and scenario 4  

 Scenario 3 Scenario 4 

With discount scheme? Yes Yes 

Initial inventory 10,000 30,000 (storage capacity) 

Electricity satisfaction level 14% 25% 

Biomass utilization rate 97% 97% 

Final inventory 0 0 

Plants to be opened 8 plants, except P3 All 9 

Suppliers to be selected 8 suppliers, except S9 All 9 

Order level All at 4 All at 4 

Total cost (USD) 83.47 million 108.67 million 

Purchase cost (USD) 6.74 million 6.72 million 

Transportation cost (USD) 1.71 million 1.63 million 

Inventory holding cost 

(USD) 
2.9 thousand 12.1 thousand 

Plant fixed cost (USD) 75.02 million 100.30 million 

 

Another important factor that impacts the decision is the initial inventory level. Especially 

at the beginning of the year when there is no rice harvesting, the only source of biomass is 

the existing warehouse stock, therefore the quantity of inventory is essential to decide how 

many plants to open and which demand level the generated electricity can satisfy. As 

described in scenario 4 in Table 9, when initial inventory rises to 30,000 tons, which is the 

storage capacity limit of each plant, all plants need to be opened to satisfy the electricity 

demand at 25%. In comparison to scenario 3 where the initial inventory is 10,000, the total 

cost increases by around 30% while the demand increases by 79% to meet 25% of electricity 

demand. 

As discussed in scenario 1 and 2, plant fixed cost weighs more than other cost components, 

in such cases the model selects first the plants with lower fixed costs when not all plants are 



38 

 

required to open, that is why three plants 1, 4, and 5 are decided to be opened. Similarly, in 

scenario 3 where one plant is left out, plant 3 is not selected due to its highest fixed costs. 

Table 10. Result of scenario 5 and comparison to scenario 1 

 

To exclude the high impact of plant fixed cost and evaluate how other cost components can 

affect the location decisions, an additional test is made in scenario 5, in which fixed cost of 

all plants is set to be constant as USD 781,000. The result is presented in Table 10. Compared 

to scenario 1 where the decision is made based on the fixed cost and lower cost plants 1, 4, 

5 are opened, scenario 5 is not primarily affected by the fixed cost, but instead by other cost 

elements, such as the purchase cost and transportation cost. As a result, plants 2, 3, 6 are 

decided to be opened. 

 Scenario 1 Scenario 5 

With discount scheme? Yes Yes 

Plant fixed cost change? No 

Yes, cost for each 

assumed to be USD 

781,000 

Initial inventory 10,000 10,000 

Electricity satisfaction level 10% 10% 

Biomass utilization rate 86% 86% 

Final inventory 0 0 

Plants to be opened 1, 4, 5 2, 3, 6 

Suppliers to be selected 7 suppliers, except 6 and 9 All 9 

Order levels 

All at level 4, except S3 to P1 

at level 1 in period 12 and S7 

to P1 at level 1 in period 3 

All at level 4, except S1 

at level 1 

Total cost (USD) 30.49 million 9.69 million 

Purchase cost (USD) 5.87 million (19.3%) 5.87 million (61%) 

Transportation cost (USD) 1.95 million (6.4%) 1.48 million (15%) 

Inventory holding cost 

(USD) 
1.2 thousand 1.2 thousand 

Plant fixed cost (USD) 22.66 million (74.3%) 2.34 million (24%) 
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Regarding the supplier selection in scenario 5, the result is listed in Table 11. In detail, plant 

2 uses biomass from supplier 7 and supplier 8. Suppliers 2, 5, 6, 9 ship biomass to plant 3, 

and suppliers 1, 3, 4 are selected by plant 6. 

Table 11. Supplier selection in scenario 5 

 
P2 P3 P6 

S1 
  

x 

S2 
 

x 
 

S3 
  

x 

S4 
  

x 

S5 
 

x 
 

S6 
 

x 
 

S7 x 
  

S8 x 
  

S9 
 

x 
 

 

Figure 6 depicts the location of opening plants in scenario 5. Plants 2, 3, 6 are open. Since 

the fixed cost is not the primary influencer in this scenario to decide the plant opening and 

supplier selection, and the constraints in plant capacity and storage capacity are equal among 

all the plants, the key deciding factors in this case are shifted to purchase cost and 

transportation cost, which have cost share of 61% and 15% respectively, and purchase cost 

is dependent on the biomass unit cost and order quantity.  
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Figure 6. Plant opening and supplier selection in scenario 5 

In this new scenario, great majority of biomass is needed for the electricity generation, and 

the quantity discount policy is the same between a supplier and all the plants, no purchase 

cost leads to the constraints of plant opening decision. Therefore, the key component that 

decides the plant location and supplier selection is the transport cost, in other words, the 

distance between biomass suppliers and plants. As shown in Figure 6, plants 2, 3, 6 are 

decided to be open because they are closer to the biomass suppliers, and those plants 

purchase biomass from the suppliers that are closest to them.  
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5  Conclusions 

The thesis was aiming to decide the best location of power plant with supplier selection 

under incremental quantity discount policy. A mixed-integer mathematical model was 

proposed for the design of supply chain and management of biomass logistics. The model 

can coordinate the long-term strategic decisions and short-term logistics management 

decisions. Regarding strategic decisions, the number, size, and location of plants can be 

decided by using available biomass for generating electricity that meets demand at defined 

level. As for tactical and operational decisions, the selection of existing biomass suppliers, 

and the quantity purchased from each supplier can be determined.  

Nine rice husk suppliers and nine candidate power plants were studied in a case in the Lower 

Norther region of Thailand. A minimize objective function was built in the model to find the 

lowest cost in terms of biomass purchase, material transportation, plant inventory holding, 

and plant fixed cost. A variety of parameters, variables, and constraints related to the cost of 

the supply chain planning and operation were covered in the model. A period of one year 

was studied to deal with the raw material availability and demand changes. Five scenarios 

were tested in the model to see how it adapted to conditional changes in different situations. 

Based on the case test results, it shows that the plant fixed cost is the primary factor that 

decides the number and location of the opening plants. Once the opening of plants is decided, 

the selection of suppliers is dependent on the biomass availability, transportation cost, and 

the quantity discount. Additionally, the initial inventory level is the major factor that impacts 

the percentage level of electricity demand in the region. More detailed conclusions are given 

as follows. 

First, the fixed cost is the primary factor deciding which plants to open. In scenario 1 and 2, 

with and without the quantity discount, plants 1, 4, 5 were selected because of their lower 

fixed cost. Similarly, in scenario 3 where the electricity demand level was higher, more 

plants were required to be open, and only one plant was left out, plant 3 was not selected due 

to its highest fixed cost. 

Second, once the opening of plants is decided, when deciding which biomass suppliers are 

selected by which opened plants, the model considers the trade-off between biomass 

availability, transportation cost, and the quantity discount. Generally, higher capacity 
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suppliers with shorter distance to the plants are selected by the plant. Quantity discount plays 

a role too because higher capacity suppliers often offer a higher discount which are preferred 

when lower costs are required. If in case the quantity discount does not exist, purchase cost 

is higher, and transportation cost plays a bigger role, the model assesses a combined cost of 

purchase and transportation, and may decide to select additional suppliers, as seen in the 

situation of scenario 2. 

Third, initial inventory quantity impacts the electricity demand level, especially at the 

beginning of the year when there is no rice harvesting, the only source of biomass is the 

existing warehouse stock, the available inventory decides how many plants to open and 

which demand level the generated electricity can satisfy. As shown in scenario 4, when 

initial inventory rose to 30,000 tons, which was the storage capacity limit of each plant, all 

plants were decided to be opened to satisfy the electricity demand at 25%. In comparison to 

scenario 3 where the initial inventory was 10,000, the highest demand level was 14% when 

almost all available biomass was used up. 

Forth, in case the fixed cost is not the primary deciding factor, as the assumption made in 

scenario 5, and the constraints in plant capacity and storage capacity are equal among all the 

plants, the key decision-making factor is the combination of purchase cost and transportation 

cost. However, depending on the types of quantity discount policy, it may or may not affect 

the decision of plant opening and supplier selection. As presented in scenario 5, when the 

quantity discount policy was the same between a supplier and all the plants, plant opening 

decision was not constrained by the purchase cost. In such case, the key component that 

decides the plant location and supplier selection is the transportation cost, in other words, 

the distance between biomass suppliers and plants.  

Fifth, even the quantity discount does not always impact the opening of plants, it affects the 

selection of suppliers in some situations, as demonstrated in the comparison between 

scenario 1 and scenario 2. When quantity discount plan impacts the weights between 

purchase cost and transportation cost, it becomes a key factor deciding whether some 

suppliers are selected. Moreover, when a plant decides to order biomass from a supplier at a 

specific discount level, the incremental discount policy starts to play an important role, but 

the situation becomes complex because of the differences in supply capacity, upper limit 

setting, and price discount plans.  
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As a final conclusion, the analysis shows that the decision about number and location of 

plants with supplier selection under quantity discount is a complex problem that needs to be 

analysed carefully. Generally, people can first identify the order of factors that impact the 

objectives and then go from the most important factors to less important ones to evaluate 

how each of those factors affects the decision. Once the factors and their roles are 

understood, decisions makers can assess whether some of those factors can be adjusted to 

achieve the same results under simpler conditions. Specifically, in the case study of this 

thesis, the plant fixed cost is found to be the most important factor, followed by two others: 

the biomass price with quantity discount and the distance between suppliers and plants. 

Those two work together to decide the selection of suppliers. The role of incremental 

quantity discount scheme is reflected in the supplier selection and the detailed purchase plan. 

Additionally, initial inventory quantity helps determine at which level the generated 

electricity can satisfy the demand. 

The thesis results have answered the questions defined in section 1.2. 

Q1. What are the main factors that impact the opening of biomass power plants with an 

objective to minimize the total cost? 

A1.  Plant fixed cost is the main factor because it has much higher share in the cost structure 

and different plants have different fixed costs. If the fixed cost is assumed to be the same 

among all plants, a combination of purchase cost and transportation cost becomes the main 

factor. 

Q2. Once the number, size, location of the opening plant is decided, what are the main factors 

impacting the selection of suppliers to the plants? 

A2. It depends on the weights between biomass availability, biomass price with quantity 

discount, and distance from supplier to plant. In case where higher capacity suppliers offer 

higher quantity discount, those suppliers with shorter distance to the plants are selected. 

Q3. How does the incremental quantity discount policy affect the decisions of plant opening 

and supplier selection? 

A3. Incremental quantity discount policy does not affect the decision of plant opening in a 

case where there is only one biomass source and the discount policy is similar between the 

suppliers and the plants, therefore price is not the key constraint.  Regarding the decision of 
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supplier selection, if the quantity discount scheme impacts the weight of purchase cost to a 

level to be higher than the transportation cost, the discount policy becomes more important 

for selecting suppliers. 

Q4. Based on the results, what are the other important factors that impact the overall supply 

chain performance? 

A4. Initial inventory level, biomass supply capacity, and electricity demand uncertainty are 

important factors if storage capacity and production capacity are not the main constraints. 

By successfully answering those research questions, the study objective defined in section 

1.2 has also been achieved. The solution given by the model decides the number, location, 

size of the power plants to be opened in each scenario, and the suppliers selected to the open 

plants are determined. Moreover, at each discount level, the solution tells how much to be 

ordered from any selected suppliers to any opened plants. Both strategic decisions and 

operational activities are illustrated in the results, helping decision-makers to optimize the 

performance of biomass supply chain from long and short terms. 

With regard to the literature contribution, the thesis has added new research insights to the 

existing literature. First, it has added additional parameters and constraints in the model to 

increment the relevant studies. The inclusion of quantity discount parameters in the model 

has added new inputs to the existing literature, which helps understand the role of quantity 

discount in biomass supply chain context. Furthermore, the case was set in Thailand, which 

increases specific case studies in different regions, bringing more practical use of the 

proposed models, and shedding some lights on research in regions with similar background.  

However, given the limit of time and resources, the thesis has some limitations. At the 

beginning stage of the thesis, the fuzzy programming was under consideration for handling 

some uncertainty parameters in the model. For example, parameters such as the 

transportation and human involvement were considered, but they were not incorporated into 

the model in the end. The second limitation is about the incremental discount scheme design 

in the model. In this thesis the discount scheme was designed with a fixed pattern, in which 

the higher order quantity was always related to a higher discount, and one supplier had the 

same discount plan with all the power plants, while in practice, the situation can be different. 

For example, one supplier may have different plans with different customers, and discount 

policy between different suppliers can vary, meaning that price at one quantity level from 
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one supplier can be completely different from that of another supplier. In order to understand 

what happens in the real business world, a set of discount plans could have been simulated 

in the model, based on which more practical scenarios could have been analysed.  

Therefore, in future studies, the fuzzy programming can be applied to add more variables 

with uncertainties, and simulation can be used to bring more scenarios to analyse the impact 

of incremental quantity discount in different situations. Additionally, more research can be 

conducted with more biomass sources or more objective functions, such as the incorporation 

of environmental components and social components.   



46 

 

References 

Akhtari, S. Sowlati, T., Siller-Benitez, D. G. & Roeser, D. 2018. Impact of inventory 

management on demand fulfilment, cost and emission of forest-based biomass supply 

chains using simulation modelling. Biosystems Engineering, Volume 178, pp. 184-199. 

Alam, B., Pulkki, R., Shahi, C. & Upadhyay, T. P. 2012. Economic Analysis of Biomass 

Supply Chains: A Case Study of Four Competing Bioenergy Power Plants in Northwestern 

Ontario. International Scholarly Research Notices, Volume 2012, Article ID 107397. 

Ayhan, M.B. 2013. A Fuzzy AHP Approach for Supplier Selection Problem: A Case Study 

in a Gear Motor Company. International Journal of Managing Value and Supply Chains 

(IJMVSC) Vol.4, No. 3, pp. 11-23. 

Ayhan, M. B. & Kilic, H. S. 2015. A two stage approach for supplier selection problem in 

multi-item/multi-supplier environment with quantity discounts. Computers & Industrial 

Engineering. Vol. 85, pp.1-12. 

Broek, John V. D., Schutz, Peter, Stougie, Leen, & Tomasgard, Asgeir. 2006. Location of 

slaughterhouses under economies of scale. European Journal of Operational Research, 

175(2), pp. 740–750. 

Cao, J. X., Zhang, Z., Zhou, Y. 2021. A location-routing problem for biomass supply 

chains. Comput. Ind. Eng. 152, 107017. 

Chen, A. & Liu, Y. 2023. Designing globalized robust supply chain network for 

sustainable biomass-based power generation problem. In Press, Journal Pre-proof. 

Degraeve, Z., Roodhooft, F. 2000. A mathematical programming approach for 

procurement using activity based costing. Journal of Business Finance and Accounting 

27(1–2), pp. 69–98. 

Jung, J. Y., Blau, G., Pekny, J. F., Reklaitis, G. V. and Eversdyk, D. 2004. A simulation 

based optimization approach to supply chain management under demand uncertainty. 

Computers and Chemical Engineering, Vol. 28(10), pp. 2087-2106. 



47 

 

Dolan, R. J. 1987. Quantity discounts: Managerial issues and research opportunities. 

Marketing Science, Vol. 6, no. 1., pp. 1–22. 

Ekşioğlu, S. D., Acharya, A., Leightley, L. E. 2009. Analyzing the design and management 

of biomass-to-biorefinery supply chain. Arora, Sumesh Computers & industrial 

engineering, Vol.57 (4), pp.1342-1352. 

Emirhüseyinoğlu, G. & Ekici, A. 2019. Dynamic facility location with supplier selection 

under quantity discount. Computers & industrial engineering. Vol. 134, pp. 64-74. 

Farahani, R. Z., Abedian, M. & Sharahi, S. 2009.  Chap. Dynamic facility location 

problem. Facility location. Springer. pp. 347–372. 

Hong, G.H., Park, S.C., Jang, D.S. & Rho, H.M. 2005. An effective supplier selection 

method for constructing a competitive supply-relationship. Expert Systems with 

Applications, 28(4), pp. 629–639 

Kamalad, S. 2021. Thailand country report. In: Han, P., Kimura, S. (Eds.), Energy Outlook 

and Energy Saving Potential in East Asia 2020. ERIA, Jakarta, pp. 270–280. 

Kesharwani, R., Sun, Z. & Dagli, C. 2018. Biofuel supply chain optimal design 

considering economic, environmental, and societal aspects towards sustainability. 

International journal of energy research, 2018, Vol.42 (6), pp.2169-2198 

Li, S., Wang, Z.W., Wang, X., Zhang, D.Z. & Liu, Y. 2019. Integrated optimization model 

of a biomass feedstock delivery problem with carbon emissions constraints and split loads. 

Computers & industrial engineering, 2019, Vol.137, pp.106013 

Nandimandalam, H., Aghalari, A., Gude, V.G. & Marufuzzaman. M. 2022. Multi-objective 

optimization model for regional renewable biomass supported electricity generation in 

rural regions. Energy Conversion and Management, 266(7), 115833. 

Nguyen, D. D., Meejaroen, P. & Nananukul, N. 2021. Multi-objective models for biomass 

supply chain planning with economic and carbon footprint consideration. Energy Reports. 

Vol. 7, pp.  6833–6843. 



48 

 

Quddus, M.A., Chowdhury, S., Marufuzzaman, M., Yu, F. & Bian, L. 2018. A two-stage 

chance-constrained stochastic programming model for a bio-fuel supply chain network 

International journal of production economics, 2018, Vol.195, pp.27-44 

Sebatjane, M. & Adetunji, O. 2019. Economic order quantity model for growing items 

with incremental quantity discounts. J Ind Eng Int, Vol. 15, pp. 545–556. 

Soland, R. M. 1974. Optimal facility location with concave costs. Operations Research, 

22(2), pp. 373–382. 

Strandgard, M., Tuner P. & Shillabeer, A. 2022. Optimizing Operational-Level Forest 

Biomass Logistic Costs for Storage, Chipping and Transportation through Roadside 

Drying. Forests, Volume 13, Issue 2, 138. 

Wang, C.N., Tsai, T.T, Huang, Y.F. 2019. A Model for Optimizing Location Selection for 

Biomass Energy Power Plants. Processes 2019, 7(6), 353. 

Wolff, M., Becker, T., & Walther, G. 2023. Long-term design and analysis of renewable 

fuel supply chains – An integrated approach considering seasonal resource availability. 

Volume 304, Issue 2, pp. 745-762. 

Wu, J., Zhang, J., Yi, W., Cai, H.Z., Li, Y. & Su, Z. 2022. Agri-biomass supply chain 

optimization in north China: Model development and application. Energy (Oxford), 2022, 

Vol.239, pp.122374 

Yoo, T., Cho H. & Yücesan. E. 2010. Hybrid algorithm for discrete event simulation based 

supply chain optimization. Expert Systems with Applications, vol. 37(3), pp. 2354-2361. 

Yue, D. & You, F.Q. 2014. Game-theoretic modelling and optimization of multi-echelon 

supply chain design and operation under Stackelberg game and market equilibrium. 

Computers & chemical engineering, 2014, Vol.71, pp.347-361 

Yildiz, A. & Yayla, A. Y. 2015. MULTI-CRITERIA DECISION-MAKING METHODS 

FOR SUPPLIER SELECTION: A LITERATURE REVIEW. South African journal of 

industrial engineering, 2015, Vol.26 (2), pp.158-177 



49 

 

Zimmermann, H.J. 1978. Fuzzy programming and linear programming with several 

objective functions. Fuzzy Sets and Systems, 1(1), pp. 45-55. 

International Energy Agency (IEA), 2020. World Energy Outlook 2020. Accessed on 2 

April 2023. Available at https://www.iea.org/reports/world-energy-outlook-2020.  

World’s Top Exports. 2019. Rice exports by country. Accessed on 3 April 2023. Available 

at  https://www.worldstopexports.com/rice-exports-country/  

International Renewable Energy Agency (IRENA), 2017. Renewable Energy Outlook: 

Thailand. International Renewable Energy Agency, Abu Dhabi, Accessed on 2 April 2023. 

Available at   https://www.irena.org/publications/2017/Nov/Renewable-Energy-Outlook-

Thailand. 


