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ABSTRACT 

 

A Multi-Criteria Decision Analysis (MCDA) approach was designed and used to 

evaluate different Fast Pyrolysis Unit (FPU) sizes. The MCDA approach is implemented via 

two models: Excel worksheet and automated model via Logical Decision® software. The 

proposed MCDA approach is an integration of the Pugh Concept Selection Matrix, 

Weighting Sum Method (WSM), and sensitivity analysis using Logical Decision® software. 

The data for the problem was collected from ten Subject Matter Experts (SMEs) using Pugh 

Matrix. In addition, two other integrated MCDA approaches were used to solve the same 

problem. The first approach integrated the Pugh Matrix and WSM. The second approach 

integrated the Pugh Matrix and the Technique for Order of Preference by Similarity to Ideal 

Solution (TOPSIS). The designed framework is presented to identify Biofuel Production 

Stakeholders (BPS), their perspectives, and their requirements. The small FPU was found to 

be the best alternative using the three approaches. Furthermore, all these approaches allowed 

ranking of different alternatives based on the five perspectives of manufacturing biofuel 

production units: economic, environmental, technical, legal, and social perspectives. These 

five perspectives rely on 18 requirements that were frequently mentioned in previous 

research. The use of each approach gave different insight about the problem which could 

help decision-makers to understand the problem better and discuss the alternatives in depth. 

Sensitivity analysis suggested that the medium FPU is the best alternative in specific 

conditions under the perspectives-level analysis. On the other hand, it was suggested that the 

large FPU is the best alternative under specific conditions at the requirements-level analysis. 

An interesting finding from this research is that from the environmental perspective the 
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medium FPU is recommended as the best alternative instead of the small FPU. In addition, 

the TOPSIS analysis provided the theoretical positive and negative ideal solutions to help the 

decision makers gain a better perception of the optimal design of FPUs. Moreover, WSM 

was found to be the simplest MCDA tool to use. In contrast, TOPSIS was found to be a more 

complicated tool yet similar to WSM both could not examine result robustness. The proposed 

approach provided the result robustness limitations. 
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CHAPTER 1. INTRODUCTION 

 

Background 

The use of renewable energy has drawn the attention of many countries because it is 

viewed as a secure and sustainable replacement for traditional energy sources. Renewable energy 

is seen as potentially lowering costs, reducing pollution, and improving energy production 

sustainability. Recent technological advances have resulted in renewable energy being used in 

multiple applications such as transportation, residential, commerce, and electric power (EIA, 

2014). 

The United States has been increasing its focus on renewable energy since the energy 

crisis in the 1970s. Solar, wind, geothermal hydropower (hydroelectricity), hydrokinetic and 

biofuel energy have been explored. One of the challenges the United States, as well as other 

countries, face is the range of stakeholders that must be satisfied to make renewable energy 

viable. Stakeholders’ interest in economic, environmental, technical, social, and legal aspects 

need to be considered when making decisions related to selection and development of these 

energy sources. The range of stakeholders, multiple and often conflicting requirements, limited 

data, and high levels of uncertainty, make selection of an appropriate renewable energy 

production strategy a complex problem. 

Problem Statement 

There are different decision-making approaches that can be used to address this problem. 

Unfortunately, decision makers are often skilled in a single approach and apply it for all 
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problems they face (Componation, Dorneich, Hu, & Nicholls, 2013). Each decision-making 

approach can give different results and not all approaches are appropriate for all problems 

(Guitouni & Martel, 1998). Selecting a suitable approach is often a critical step in solving a 

complex decision making problem. The selected approach for a problem should have the 

following criteria: (a) “measures to deal with uncertainty,” (b) “user friendliness and flexibility,” 

(c) “transparency and communication,” and (d) “multi-stakeholder inclusion” (Kurka, 2013). 

Decision-making approaches can be a powerful tool for renewable energy development 

(Wang, Jing, Zhang, & Zhao, 2009) and in particular for the biofuel production. Biofuel has 

shown itself to be a viable energy source and approximately half of the renewable energy 

production in the U.S. is from biomass (EIA, 2014).  

Deciding on an appropriate biofuel production strategy meets the criteria for a complex 

problem. In particular developing an understanding of stakeholder requirement is a significant 

issue. Researchers have mentioned that the optimal size of a biofuel unit depends on many 

variables, some unique to this industry such as the issue of transportation costs (Wright & 

Brown, 2007; Larasati, Liu, & Epplin, 2012). 

This research will take a systems view of biofuel production and look at the full range of 

stakeholders' requirements, including economic, environmental, technical, social, and legal 

perspectives. Specifically, this research will answer the following questions: (1) Which decision-

making approaches are most commonly applied in this field? (2) Which evaluation criteria 

(perspectives & requirements) are appropriate for this industry? (3) Can a better understanding of 

the solution space for the biofuel production problem be gained by using multiple decision-

making approaches? (4) Given our current understanding of stakeholders' requirements, which 

biofuel production strategy is most appropriate? Several decision-making approaches are utilized 
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in this effort, including Pugh Concept Selection Matrix, Weighting Sum Method (WSM), and 

Technique for Order of Preference by Similarity to Ideal Solution (TOPSIS).  

Dissertation Structure 

This dissertation is written using the journal paper format. It contains seven chapters. The 

first chapter (Chapter 1) provides an overview of the dissertation and its structure. Chapters 2 

through 6 are publications that address the research questions. These five chapters include 

manuscripts published in, accepted by, or submitted to scholarly journals and proceedings. The 

publication status of each manuscript is indicated after each chapter title. The last chapter 

(Chapter 7) is a general conclusion that is summarizing the results and future work.  

Chapter 1 is a general introduction of the dissertation. It introduces the problem, and 

provides context for the remaining chapters. In addition, this chapter illustrates the document 

structure with a brief description about each chapter in this dissertation. 

Chapter 2 is a paper presented at Fifth International Conference on Industrial 

Engineering and Operations Management (IEOM 2015), Dubai, United Arab Emirates in March 

3, 2015. This paper titled Biofuel production: Fast Pyrolysis Units’ Manufacturing Infrastructure. 

This paper illustrates the general framework and the strategic design for the development of the 

systems-oriented approach to reduce capital costs, investment risk, and increase units' flexibility 

to be more responsive to changes in energy demands. This designed decision-making approach 

in this work could be applied to other complex systems under uncertainty conditions. This paper 

consider as the foundation of the research and it contributes in answering the fourth research 

question. 

Chapter 3 is a paper published at Journal of Management and Engineering Integration, 

volume 7, issue 1. This paper titled Biofuel Production: Stakeholders' Identification. This paper 
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focuses on identifying the Biofuel Production Stakeholders (BPS). This work is done through a 

management theory implementation on BPS to confirm all decision‐makers' contribution in the 

process. By the application of modified theory of stakeholder identification and salience, 

stakeholders, in this research, are evaluated and classified into different groups according to their 

typologies. This paper contributes in answering the third and fourth research questions. In 

addition, it considers as the base of the next three papers. 

Chapter 4 is a paper published at the Engineering Management Journal, volume 27, issue 

2. This paper titled Biofuel Production: Utilizing Stakeholders' Perspectives. This paper focuses 

on identifying all BPS perspectives and requirements. It includes a comprehensive analysis of all 

stakeholders' perspectives. Individual subject matter experts reviewed and prioritized a set of 

requirements that reflected different stakeholders' perspectives, including economic, 

environmental, technical, social, and legal. The perspectives were then used to analyze multiple 

fast pyrolysis units to determine which size was the most effective in meeting the perspectives in 

total. This paper contributes in answering the second, third, and fourth research questions. Also, 

it paves the way for next chapter. 

Chapter 5 is a paper under review for publication at Energy Journal. This paper titled 

Stakeholders' Requirements Assessment for Biofuel Production. This paper develops a 

comprehensive study of stakeholders' requirements. Then, identifying the optimal size for a Fast 

Pyrolysis Unit (FPU) based on individual subject matter experts. These subject matter experts 

reviewed, ranked, and evaluated the set of requirements for a unity of FPU sizes. This paper 

contributes in answering the second, third, and fourth research questions. 

Chapter 6 is a paper submitted for publication at Applied Energy Journal. This paper 

titled A Multi-Criteria Decision Framework for an Unstructured Complex Problem: Biofuel Unit 
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Manufacturing. This paper investigates the capability of existing decision-making tools to assess 

the FPU production problem. It also proposes a framework to assess and measure the three 

different sizes of FPUs for biofuel production, using Pugh Concept Selection matrix with the 

integration with other decision-making approaches. This research presents the integration 

between Pugh Concept Selection matrix, WSM, and additional sensitivity analysis as one 

integrated approach. Moreover, it presents the integration between Pugh Concept Selection 

matrix, TOPSIS and additional sensitivity analysis as another integrated approach for solving the 

unstructured complex problem. This paper answering the first research question and contributes 

in answering the fourth question. 

 Chapter 7 presents general conclusion summarizes the research results and relates the 

findings of the five papers. In addition, this chapter includes a general discussion of the result 

and the recommendations for future work on the research.   
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CHAPTER 2. BIOFUEL PRODUCTION: FAST PYROLYSIS UUNITS' 

MANUFACTURING INFRASTRUCTURE 

 A paper published in 2015 International Conference on Industrial Engineering and 

Operations Management 

Mostafa F. Fawzy and Paul J. Componation 

 

Abstract 

Biofuels are a replacement for fossil fuels that helps meet national, energy, environmental 

and economic security requirements. One type of the biofuel production is fast pyrolysis. The 

goal of this work is to develop an understanding of how fast pyrolysis units can be correctly 

sized to meet these security types in addition to other stakeholder perspectives and requirements. 

There are a lot of work in biofuel production; however, most of them are focused on a subset of 

these perspectives and requirements. Likewise, manufacturing requirements were also not 

typically studied. There has been some work investigating different sizes of fast pyrolysis units. 

The manufacturing of fast pyrolysis units is considered as a complex problem due to the 

stakeholders' diversity as well as the nature of this problem. The diversity of biofuel production 

stakeholders created different perspectives, requirements, and decisions. Therefore, the need 

arises to develop a systems-oriented approach for the manufacturing, placement, and optimal 

sizing of a fast pyrolysis units' manufacturing infrastructure for biofuel energy production. This 

research aims to illustrate the general framework and the strategic design for the development of 
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the systems-oriented approach to reduce capital costs, investment risk, and increase units' 

flexibility to be more responsive to changes in energy demands. This designed decision-making 

approach in this work could be applied to other complex systems for decision-making under 

uncertainty. 

Introduction 

Since 1973, the U.S. realized the importance of using mass for energy production. Then, 

in 2013, President Obama’s State of the Union address identified clean energy technologies as 

important pillar for future economic development in the U.S. this clean energy is needed to the 

use in transportation, industries, resident and commerce, and electric power consumptions (EIA, 

2014). Recently, biomass is approximately half of the U.S renewable energy production (EIA, 

2014).  

Biofuel or bio-oil is the form of biomass that is used mainly for transportation 

(Bridgwater & Peacocke, 2000), but it could be used for other purposes as well (EIA, 2014). 

Unlike other renewables, biomass is the only source of solid, liquid, and gaseous fuels 

(Bridgwater & Peacocke, 2000). Figure 2.1 demonstrates a summary of thermochemical biomass 

processes and products as presented in Bridgwater and Peacocke's research (Bridgwater & 

Peacocke, 2000). 

 

Figure 2.1. Thermochemical biomass processes and products (Bridgwater & Peacocke, 2000) 
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Fast pyrolysis is a thermochemical process in which biomass or any other carbonaceous 

material is converted into char, bio-oil and non-condensable gases. The manufacturing of the 

Fast Pyrolysis Unit (FPU) has been studied previously under limited scope (Larasati, Liu, & 

Epplin, 2012). Three different FPUs' sizes were investigated. An FPU consumes 2,000 Tons Per 

Day (tpd) of biomass is studied as a large unit size (Wright, Brown, & Boateng, 2008). Other 

FPU that consumes between 200 and 500 tpd is considered as second alternative (Wright, 

Brown, & Boateng, 2008; Wright, Daugaard, Satria, & Brown, 2010). The third proposed FPU is 

the one that consumes 50 tpd, which is considered as a mobile unit (LaClaire, Barrett, & Hall, 

2004).  

Due to the different stakeholders' perspectives and requirements in addition to the four 

different security types, the optimal sizing of FPUs can be classified as a complex decision 

problem that should be solved using a Multi-Attribute Utility Theory (MAUT) approach (Min, 

1994). The MAUT follows the same pattern as other decision-making approaches (Dyer, 2005). 

Although each decision-making approach uses different terminologies to name the process 

stages, the essence of these stages are the same (DCLG, 2009; Chelst, & Canbolat, 2011). All 

decision-making approaches should have objective identification, two or more alternatives 

identification, modeling, analyzing, and sensitivity analysis. 

Purpose 

The goal of this research is to develop a framework for a systems-oriented approach to 

the manufacturing, placement, and optimal sizing of an FPUs manufacturing infrastructure that 

reduces capital costs, investment risk, and is more responsive to changes in energy demands. The 

proposed approach supports the development of a distributed bioenergy system. This work 

focuses on part of the manufacturing strategy assessment of biofuel production units (Task 2 and 
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part of Task 3) as shown in Figure 2.2. The research output is incorporation into ongoing efforts 

to further development of bioenergy systems.  

 
Literature Review 

In addition to the availability of biomass 

in the U.S. comparing to the fossil fuel, the need 

for economic, environmental, energy, and 

national securities is mandatory for any 

development country (Figure 2.3).  

Based on the U.S. and its military 

concern, different biorenewable pathways focus 

on local, diverse, and sustainable resources of feedstock for biorenewable energy production. In 

addition, many researchers studied the life cycle cost of different biorenewable pathways 

(Wright, Daugaard, Satria, & Brown, 2010). Others looked into the possibility of manufacturing 

small size, including mobile units with lower costs for renewable energy production (LaClaire, 

Figure 2.1. Manufacturing strategy assessment 

 

1. Application of AMT to biomass fast 

pyrolysis module production. 

2. Assessment of biomass fast 

pyrolysis production under conditions 

of uncertainty. 

3. Integration of life cycle 

manufacturing cost model with existing 

biofuel logistics models. 

Economic security 

Environmental security 

Energy security 

National security 

Figure 2.3. Four security types 
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Barrett, & Hall, 2004) which partly serve different security types. All the four security types 

influence each other where all security types are integrated. All types of security serve the 

national interest by providing confidence about the energy needed for the life in the states once 

the nation is free of outside control from other countries. 

Economic security focuses on protecting the U.S. jobs and health of the United States 

economy. This security type forced researchers to work on finding the optimal FPUs' size with 

the lower cost (Wright & Brown, 2007; Wright, Daugaard, Satria, & Brown, 2010). 

Environmental security is one of the biggest issues nowadays in the U.S that is focusing 

on preventing Greenhouse Gas (GHG) emission from fossil fuel combustion. Given that, this 

emission generates three levels of pollutions, namely: localized non-atmospheric, localized 

atmospheric and global pollutions (Mateen, & Brook, 2011). Using biorenewable resources 

enhance the environmental security due to the low GHG emissions compared to the emissions 

from producing, transporting, and combustion of fossil fuel (Balat, & Balat, 2009). There are 

many arguments in support of biorenewable production. A main argument is that biorenewable is 

less harmful to the environment compared to fossil fuel (Balat, & Balat, 2009). According to a 

study by the National Academy of Sciences in 2009, fossil fuel costs the United States about 

$120 billion a year in health costs, mostly because of thousands of premature deaths from air 

pollution. This is in addition to what might happen because of the climate change and other 

natural disasters, where the fuel burning is a key factor in their occurrence. Other types of 

damages occur due to different types of pollutions. For example, fossil fuel localized non-

atmospheric pollutions such as water pollution and deep-water horizon fires is a result of oil 

spills and leakages cause serious damages to the marine environment and might lead to the death 

of some marine organisms. Moreover, the polluted water affects humans as well especially if it is 
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the drinking source for them. Other examples for localized atmospheric pollutions include the 

1995 London Great Smog as well as current Los Angeles smoke problems that directly affect 

humans’ health and cause respiratory diseases. An example of the global pollution is the climate 

changes and air pollutions course in a city and affecting neighbors' environment (Voegele, 2012). 

Another argument in support of this direction states that using biomass to produce 

bioenergy would motivate farmers to plant more and thus increase their income. Demand for 

corn for example will mean more corn planting. Even with corn price increases the farmers' 

profits increases more and more. Thus, this group of people believe biorenewable production 

enhance environmental security. Democrats represented in Obama administration support this 

argument and trying to adopt the environmental policy and its application and force the Congress 

to this direction (Voegele, 2012). 

Enhancing environmental security leads to healthy economy for United States. Having 

more localized fuel resources strengthen the country's economy. Moreover, the internal trade 

prevents currency form going out to buy the needed energy from other countries. In addition, 

using biorenewable energy increases the chances of the existence of new sources of livelihood 

for farmers. Besides, it creates more employment opportunities within the country. Also, 

environmental non-atmospheric pollutions such as water pollutions could destroy marine life and 

pollute nearby beaches. Thus, this obscures the tourists from those contaminated places. 

Consequently, this hurts the country's economic health due to the lack of tourists and low states' 

income from tourism. Environmental security prevents national harm from global climate 

change. Finally, by the secured environment, more sustainable and plentiful energy resources 

will be available from biomass without the risk of climate changes effects, this is known as 

energy security (Voegele, 2012). 
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Energy security focuses on finding more sustainable and plentiful energy resources for 

the states. In addition, having permanent local sources of energy supports job creation, as well as 

improves country's economy. 

Similar to the economic security and energy security, national security focuses on energy 

diversification from local sustainable resources, which supports providing job opportunities as 

well as accelerating the country economy. National security focuses on diversifying local sources 

of fuel. This perspective is the most important one for the military and thus for the whole state. 

Therefore, national security is considered as a necessity to maintain the country's survival even 

with the existence of all other kind of powers. After World War II, the United States recognized 

the importance of this security type. In the early 1970s, the government of Saudi Arabia stopped 

its petroleum export to the U.S. due to its support of Israel, which considered as the biggest 

enemy in the region to Saudi Arabia and other Middle Eastern countries (EIA, 2002). Moreover, 

another similar problem occurred in the late 1970s during the Iranian revolution. The United 

States faced this problem again when the Iranian government stopped exporting its petroleum to 

the United States due to its position opposing of the revolution (EIA, 2002).  Parallel in the 

1970s, the United States hits the highest petroleum production level and reached the peak oil 

(Bardi, 2009). After World War II, and later two successive shocks in addition to the 

substantiation of the peak oil concept, the U.S. government became aware of the urgent need and 

the danger of its full dependence on foreign oil even with the cheap price comparing to the local 

produced ones. In addition, it recognized the consequences potential risk to energy, economic, 

and environmental security of the country. 

From the United States perspective, there are three different levels of national security. 

First, the small-scale that is for military units. Most of modern militaries are entirely mechanized 
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and all troop transportation relies on fossil fuels. Moreover, modern militaries rely heavily on 

electricity. So, the fact that they highly depend on energy and external controls hereby cause 

grave dangers on army security in addition to the high cost of fuel, as happened during the war of 

America in Afghanistan where the fuel transporting cost was around $400 per gallon. 

Additionally, one out of twenty-four soldiers was killed during fuel transportation in that war. 

Furthermore, the high operating cost of the military machinery and equipment affects the 

environment badly by GHG emissions. Thus, biofuel differs from fossil fuel in the lower cost as 

well as location diversity, which makes biorenewable energy a major tactical goal for U.S. 

military. This brings us to the second level of national security, which is the regular military 

operations that is also concerned with fuel cost, diversity, and sustainability. The third level is 

the highest one, which is strategic operation that has a global conflict, which in turn supports the 

previous reasons for renewable energy. 

Pyrolysis is a thermo-chemical decomposition of organic material at elevated 

temperatures.  Fast Pyrolysis is defined as a thermo-chemical conversion for producing biofuel 

from biomass (LaClaire, Barrett, & Hall, 2004). It is a process for the production of renewable 

transportation fuels. This process involves the thermal treatment of biomass into liquid bio-oil 

that is subsequently hydro processed into gasoline and diesel.   

The selection of a fast pyrolysis Biomass Processing Modules (BPM) is based on the 

natural resource base in Iowa, which has made it one of the world's leading producers of food 

and feed crops. Its resource base also has the potential to grow large quantities of biomass for the 

production of fuels, energy, and biobased products, as demonstrated by Iowa’s leadership in U.S. 

production of grain-based ethanol. To fully develop this potential, they need to improve (1) 

utilization of cellulosic feedstock, including wood, corn stover, and switch-grass, and (2) 
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distributed processing of these feedstock into biobased products, including drop-in biofuels, 

commodity chemicals, and bio-materials. Currently, the manufacture of these products depends 

heavily on crops also used in food production. Although the national resource base of cellulosic 

biomass is estimated to be in excess of one billion tons annually, it is bulky and highly 

distributed across the countryside, complicating its collection and delivery to processing facilities 

(Wright, Brown, & Boateng, 2008). 

The specific BPM, namely, FPU, was suggested to be used as the test-bed for this 

analysis (Wright, Daugaard, Satria, & Brown, 2010) (Figure 2.4). Biomass fast pyrolysis is a 

thermochemical process for the production of renewable transportation fuels, as defined earlier. 

 

Figure 2.4. Schematic of the biomass fast pyrolysis unit (Wright, Daugaard, Satria, & Brown, 2010) 

It is important to make biofuels a feasible option for renewable energy to increase 

economic, environmental, energy, and national securities by improved sustainability, as well as 
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deliver low cost competitive products to the end-user market (Awudu, & Zhang, 2012), however, 

more work is needed to understand the optimal size of FPU (Larasati, Liu, & Epplin, 2012,). 

As described by Wright and Brown (2007), there is an optimal plant size for the lowest 

unit cost of biobased product. This optimal size is still so large that capital investment for 

advanced biorefineries are estimated to be as much as a billion dollars. Prior work has also been 

done to develop frameworks to assess the cost-effectiveness of alternative energy strategies (Qin 

et al., 2012). The challenge to distributed bioenergy systems is that the unit cost of a production, 

predicted by conventional cost models, will decrease as the facility size becomes larger (Arrow, 

1962; McDonald & Schrattenholzer, 2001; Tsuchiya & Kobayashi, 2004). The concept of 

“economies of scale” states doubling the size of a facility doubles the output, but does not double 

the construction, operations or maintenance costs. The concept, however does not take into 

account recent developments in Advance Manufacturing Technology (AMT), such as improved 

control systems, automation, communication, and data management (Shipp et al., 2012). Some 

industries, such as aerospace, have begun to explore other design approaches to move away from 

the "bigger is better" approach (Componation & Collopy, 2012). In addition, attention is now 

being paid to non-technical parameters that can drive costs in developing new systems (Hamaker 

& Componation, 2010). In the case of processing biomass, the result is complicated because of 

the transportation costs of highly distributed and low-density materials. 

Research has been done about the use of multi-criteria decision analysis approaches to 

justify FPU's size and AMT implementations. Previous studies in AMT justification approaches 

have included classic Cost Benefit Analysis (CBA) (Gagnon & Haldar, 1997), and modified 

CBA approaches such as the Technology Value Pyramid (TVP) (Tipping & Zeffren, 1995).  

Traditional Multi-Criteria Decision-Making (MCDM) (Karsak, & Ahiska, 2005), Data Envelope 



16 

 

 

Analysis (DEA) (Cook, Kress, & Seiford, 1996), and MAUT (Prasad & Somasekhara, 1990) 

approaches have also been explored. Part of this research effort will evaluate alternative 

justification methods since the selection of a specific decision making approach can influence the 

results of the analysis (Componation & Nicholls, 2011). The application of AMT would benefit 

biofuel production by allowing deployment of relatively small-scale facilities, processing as little 

as 200 tpd (Wright, Brown, & Boateng, 2008). 

Understanding uncertainties in energy production is useful because it helps build more 

accurate models.  Uncertainties can occur from the energy supply chain itself, but also arise from 

imperfect knowledge of the critical variables under study, inadequacies of the models from the 

inherent noise in the data used to populate the model (DOE, 2011). One of the challenges for 

biofuels is the high level of uncertainty (Table 2.1) in supply, demand, and market price (Kim & 

Realff, 2011). Approaches to deal with this uncertainty have included integrating multiple supply 

chains (Rentizelas, Tolis, & Tatsiopoulos, 2009), and combined production and logistics 

strategies (Dunnet, Adjiman, & Shah, 2008).  Mathematical programming models have also been 

utilized to optimize the biofuel supply chain (Eksioglu, Acharya, Leightley, & Srora, 2009). 

Most of previous research of biofuel supply chain are focused on optimization in specific regions 

using a systems approach rather than looking at the performance of specific supply chain 

elements (Dal-Mas, Giarola, Zamboni, & Bezzo, 2011). Prior research has also explored the cost 

sensitivity of biofuels produced through fast pyrolysis BPM (Wright, Daugaard, Satria, & 

Brown, 2010). This research noted that capital costs are particularly important in estimating the 

cost-effectiveness of the technology. The scope of these research areas is on the biofuels supply 

chain. 
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Table 2.1. Sample Uncertainties Influencing Production of BPM 

Uncertainty Description Sample Research 

Demand for food Uncertainties due to changes in demand for food supplies (Meyer, 2007) 

Regulatory environment Impact of changes in tax incentives on demand for biofuels (Markanda, & Pemberton, 2010) 

Biomass price Changes in supply yield, location, and price (Ravindranath et al., 2009) 

Investment cost 
Capitalization, operations and maintenance cost variability 

due to market conditions 
(Cadre & Orset, 2010) 

Each biofuel production stakeholder has different perspective and requirements. These 

different requirements can make the selection of a biofuel production strategy a challenge. As a 

result, this research objective, optimizing the production of an FPU, is classified as a complex 

decision problem that can be solved using an MAUT approach (Min, 1994). The MAUT 

application follows the same pattern of normal decision-making approaches (Dyer, 2005). 

Decision makers often have to make decisions with limited information, especially in new areas 

such as advanced biofuel production. In order to design valid decision-making support systems 

to assist decision makers in these situations, a detailed analysis on the available information is 

required. This should also include investigation for factors that influence the decision under 

different conditions and situations.  

It is important to understand stakeholders' perspectives and requirements to make 

biofuels a feasible alternative for renewable energy; and to increase energy security, improved 

sustainability, as well as to deliver low cost competitive products to the end-user market (Awudu 

& Zhang, 2012); however, little work has been done to optimize the size of biomass processing 

itself (Larasati, Liu, & Epplin, 2012). 

The Methodology and Proposed Approach 

Unfortunately, the persistently high cost of capital and volatility of energy prices conspire 

to discourage investment in the construction of large-scale bioenergy systems; few investors can 
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afford the risk associated with brief downward fluctuations in energy prices and the resulting 

prospect of being forced to close a billion dollar facility (Figure 2.5). Additional costs can be 

incurred by selecting an inappropriate supply chain strategy (Harris, Componation, & Farrington, 

2010) to supply raw materials and distribute energy resources. Other difficulties are caused by 

uncertainties in raw material price, supply, yields, and demand. 

 

Figure 2.5. Comparison of biofuel and fossil fuel refinery costs on a per energy unit basis 

Overcoming the limitations of economies of scale requires a new approach to the 

production of bioenergy systems. Traditional large production facilities are custom designed and 

field constructed over many months or even years. Once completed, the number of staff needed 

to operate them is strongly dependent upon facility size. There is a growing consensus that an 

alternative approach is needed where the “economy of scale” is replaced by “economy of 

numbers;” a focus on an energy production strategy that supports a module, distribute approach 

by using mass-produced, small-unit scale technology (Dahlgren, Lackner, Gocmen, & van 

Ryzin, 2012). Replacing field construction with mass production of BPM in highly automated 
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Small to Medium sized Enterprises (SME) would promote small-scale distributed biofuel 

production strategies by using standardized components to reduce cost and improve reliability. 

BPM would be shipped to a site and become operational in a matter of days or weeks. This 

would capture the advantages inherent in mass production of other consumer products. Small-

scale energy production facilities, once field-assembled, could gain the same economies of scale 

in staffing as large plants through expanded use of AMT such as automated maintenance and 

control systems; the energy manufacturing production facility also benefits from AMT through 

potential reductions in unit production costs. This concept is receiving increasing attention from 

the biofuels community (Lane, 2012). 

Multiple technology pathways can be used to produce biofuels using FPU. The goal of 

this research is to develop a systems-oriented approach that could be used in later work for the 

manufacturing, placement, and optimal sizing of an FPUs manufacturing infrastructure that 

reduces capital costs, investment risk, and is more responsive to changes in energy demands. The 

selection of specific FPU's size should be accomplished using both quantitative and qualitative 

factors as typically done in industry (Punniyamoorthy & Ragavan, 2003) and this will be taken 

into account in the proposed approach. Quantitative factors revolve around different types of 

costs, while qualitative factors include flexibility, ease of use, and units' efficiency. Additional 

factors which be used to select FPU's size will be consistent with prior technology evaluation 

studies in biofuels, including (1) fast pyrolysis BPM production should match current 

agricultural output, and (2) fast pyrolysis BPM output should be compatible with present fuel 

needs (Swanson, Platon, Satrio, & Brown, 2010). This research planned to be completed through 

the proposed approach (Figure 2.6): 
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 * BP: Biofuel Production 

Figure 2.6. Research methodology – Proposed approach 

Phase 1: Identification of biofuel production stakeholders: The decision makers 

identification is the primary step in any decision-making process and it is a critical phase (Bomb, 

McCormick, Deurwaarder, & Kåberger, 2007; United States Department of Agriculture, 2012). 

Based on this stage the different perspectives and requirements for FPUs' size selection will be 

defined. 

Phase 2: Identification of biofuel production stakeholders' perspectives and requirements: 

The development of a renewable energy system requires identifying and understanding all 

system stakeholders' perspectives and requirements. This includes energy producers, consumers, 

government, and society as a whole. 

Phase 3: Assessment of biofuel production systems: Optimal sizing renewable biofuel 

production is needed to minimize capital requirements and reduce risks. This will support 

investment and development in the industry. 

Phase 4: Application of process controls strategies to minimize waste and variability: 

Production and distribution of affordable energy production systems will require a distributed 

1: Identification of BP stakeholders. 

2: Identification of BP stakeholders’ perspectives & 
requirements. 

3: Assessment of BP systems. 

4: Application of process controls strategies to min. waste & 
variability. 

5: Application of AMT. 

6: Modeling & simulating FPUs. 
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manufacturing system that is based on economics of production rather than economics of scale. 

Efficient and effective operations are important to reduce costs and improve profitability in the 

industry. Moreover, new technologies may help reduce the economics of scale so that smaller 

facilities do not cost more per unit of production than larger facilities (Jack, 2009). 

Phase 5: Application of AMT: Reductions in manufacturing costs and improved 

reliability can be driven by the correct application of technologies to accelerative adoption of 

renewable biofuel production facilities. This will also reduce the challenges in confronting the 

economics of scale prevalent in the energy industry. 

Phase 6: Modeling and simulation of the biofuel production facilities: Integration of 

logistics, production, and distribution models will support strategic planning and investment in 

the energy manufacturing industry. 

In addition, market uncertainties should be explored to determine how robust the 

production standards are to changing market conditions. For phases (2) through (5) in the 

proposed approach, the sensitivity analysis will play as strong role to examine the decision 

robustness under different condition changes. For example, market uncertainties could be 

changes in capital costs, transportation costs, raw material availability and yields, and emergence 

of complementary and disruptive technologies.   

Conclusion 

The implementation of the proposed systems-oriented approach for the manufacturing, 

placement, and optimal sizing of an FPUs manufacturing infrastructure reduces capital costs, 

investment risk, and is more responsive to changes in energy demands. This work also assures 

the achievement of all economic, environmental, energy, and national securities. This system-
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oriented approach is planned to be accomplished through six consecutive phases. These phases 

are considered as the outcomes for the big-research, which are: 

1. Identification of biofuel production's stakeholder. 

2. Identification of their perspectives and requirements. 

3. Assessment of biofuel production systems. 

4. Application of process controls strategies. 

5. Application of advanced manufacturing technologies. 

6. Modeling and simulation of the biofuel production facilities. 

This proposed approach helps to increase the acknowledgment and better understand 

about the manufacturing of biomass conversion. For engineering managers, this research 

provides a specific quantitative and qualitative approach or tool to follow as a decision-making 

process to assess different alternatives for a complex problem in their companies like FBUs' size 

selection. This approach could be used even with the lack of information needed for the decision-

making or for novel topics. This approach could be generalized in a future work to be applicable 

for other complex problems such as other sources for renewable energy production. 
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CHAPTER 3. BIOFUEL PRODUCTION: STAKEHOLDERS' IDENTIFICATION 

A paper published in Journal of Management and Engineering Integration, Vol. 7, Issue. 1 

Mostafa F. Fawzy and Paul J. Componation 

 

Abstract 

This article reports on the identification of Biofuel Production Stakeholders (BPS). Some 

researchers view BPS as a set of independent biofuel supply chains. Others focused on 

production without showing the BPS identification. Up to the researchers' knowledge, no 

research in the literature provide a detailed classification and selection of BPS. Thus, this paper 

uses a scientific and systematic method to determine the biofuel production stakeholders. 

Moreover, this methodology could be used as a guideline to build the scientific decision-making 

team for biofuel production. By application of the modified theory of stakeholder identification 

and salience, stakeholders are evaluated and classified into eight different groups according to 

their typologies. Identified stakeholders in this article are often the primary team of BPS, who 

should be included in any decision-making process related to the biofuel production process. 

Introduction 

Biofuel production as an energy resource has become a strategic issue for many counties.  

In 2011, 8% of the U.S. energy was from renewable resources. The remaining 92% came from 

non-renewable resources, including oil, natural gas, nuclear, and coal. Of the 8% renewable, 

slightly over half, 51% was produced from biomass. Within approximately a century, scientists 
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predict that the world would run out of all the non-renewable resources of energy and renewable 

energy will be required to cover 100% of the world’s energy needs (Wang, 2013).    

The U.S. government realized the importance of renewable energy production and has 

established policies production. In 2005, the government adopted a federal level regulation 

known as the Renewable Fuel Standard (RFS) calling for the produce of 7.5 billion gallons of 

renewable fuel by 2012. This policy was revised in 2007 (RFS2) and production of renewable 

fuel target was increased to 36 billion gallons by 2022. Additionally, the U.S. government 

established tax credits for renewable fuel production to motivate investment in this industry 

(Wang, 2013). To promote further development, all stakeholder perspectives will need to be 

considered.  

Biofuel production and its impact have been studied from many different perspectives. 

Most of the previous research focused on the economic or the environmental perspectives, or 

both (An, Wilhelm, & Searcy 2011; Ayoub et al. 2007; Dwivedi & Alyavalapati, 2009; EBTP 

Stakeholders, 2012; Larasati, Liu, & Epplin, 2012). Other researchers have looked at the legal 

perspective (Talamini et al., 2012; Youngs 2012), as well as the technical perspective and social 

impacts of biofuel (Meiera & Schrödera, 2013; Perimenis et al., 2011). 

Study Objective 

The objective of this study is to identify biofuel production stakeholders (BPS) 

perspectives to provide decision makers with a comprehensive view of all biofuel production 

requirements and explore how these different perspectives may influence production approaches. 

The work will also serve as a basis for further exploratory research into renewable energy 

production strategies. 
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This is a methodology to identify, evaluate, and classify different BPS according to five 

different perspectives of biofuel production. This work is done through a management theory 

implementation on BPS, whereby different stakeholders’ opinions have been explicitly taken into 

account for the decision-making process for biofuel production. This confirms all decision-

makers contribution in the decision-making, each with the right position. 

Literature Review 

Industry, government and researchers have not yet reached a consensus on how to 

balance the multiple and often conflicting perspectives that influence biofuel production. To 

move toward this consensus we will need a better understanding of stakeholder groups, what 

their individual requirements are, and find ways to combine these perspectives so that a 

alternative strategies for biofuel production can be explored. 

Some work has been done to define and identify stakeholders. Turcksin and his 

colleagues (2010) defined stakeholders in general as "people who have an interest, financial or 

otherwise, in the consequences of any decision taken." Youngs (2012) pointed out that every 

person in the world, from their perspective, is considered as a biofuel stakeholder. Some have 

direct relation or impact on biofuel production and consumption were others have an indirect 

relation. The European Biofuels Technology Platform (EBTP) defined stakeholders (2012) as 

"any organization whose commercial or business activities affects, or can be affected directly by 

the actions taken by the actions or recommendations of the EBTP."  

Stakeholders' identification is a very early and important step in any decision-making 

process (Bomb, McCormick, Deurwaarder, & Kåberger, 2007; United States Department of 

Agriculture, 2012).  Some studies in this area begin with a listing of stakeholders.  Huertas and 

his colleagues (2010) began the study by mentioned BPS. Youngs (2012) also presented BPS 
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and values related to biomass feedstock choices. Another example is the study done by 

Talamini's and his colleagues (2012) in which they stuied the structure and affect stakeholders’ 

agendas on U.S. ethanol production. Each study focused on understanding BPS rather than how 

each BPS was identified. For example, Turcksin and his colleagues relied on the stakeholders' 

groups represented by Turcksin and Macharis stockholders workshop (Turcksin & Macharis, 

2009; Turcksin et al., 2010). This study identified the BPS as seven stakeholders groups for 

biofuel supply chain, which contained five people in their study. 

A review of current and previously completed work shows multiple perspectives used, 

including financial, businesses (An, Wilhelm, & Searcy 2011; Ayoub et al. 2007; Dwivedi & 

Alyavalapati, 2009; EBTP Stakeholders, 2012; Larasati, Liu, & Epplin, 2012), research 

(Perimenis et al., 2011), legal and decision-making, and public and society (Talamini et al., 

2012; Mteiera & Schrödera, 2013; Youngs 2012). The Roundtable on Sustainable Biofuels noted 

stakeholders include farmers, companies, non-governmental organizations, experts, governments 

(national & local), and inter-governmental agencies (Fortin, 2011; Lee, Rist, Obidzinski, 

Ghazoul, & Koh, 2011). Scientists, journalists, and policy-makers also are groups of 

stakeholders identified by Talamini and other (2012). One common theme found in the literature 

was to identify the BPS based on the needs of the specific study undertaken. This is a logical 

approach, however it does limit generalization of prior work to address a more system based 

assessment of biofuel production strategies. 

As Dwivedi and Alavalapati stated (2009) in their study, the literature review shows that 

no study exists that quantifies stakeholders’ perceptions regarding biomass-based bioenergy 

development.  
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Theory of stakeholder identification was initiated be Freeman (1984) in this book 

"Strategic Management: A Stakeholder Approach". At that time, he presented the concept of 

stakeholders and their importance in the management area (Mitchell, Agle, & Wood, 1997). 

Mitchell and his colleagues (1997) modified Freedman’s original work by dividing stakeholders' 

attributes into legitimacy, power, and urgency. Stakeholders with legitimacy are those who 

influence value identification. This group of people or organizations set the requirements 

(customers' needs). Stakeholders with power are the group of people or organizations who have 

influence on value positions, which means the impact on requirements' ranking and priorities. 

The last attribute is urgency and this group influences value execution. This means this group 

affects how the solution is done to meet the set requirements. Figure 3.1 shows the three 

stakeholders' attributes with their overlapping (Mitchell, Agle, & Wood, 1997). 

Mitchell and his colleagues (1997) identified the three classes and overlapping areas. The 

derivative four classes generated from the intersection areas are also shown in Figure 3.1.  

Mitchell also identified an eighth class as those who do not have any power, legitimacy, or 

urgency; this is called Non-stakeholders class. From Youngs (2012) definition of biofuel 

stakeholders, it seems that this class of stakeholders in not applicable for biofuel stakeholders in 

general and therefore does part of BPS research. 
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Source (Change Management Toolbook, 2013) 

Figure 3.1. Stakeholders' typologies 

After that, Mitchell and his colleagues worked on what they call it latent stakeholders. 

They discussed the eight stakeholders' classes and suggested the stakeholder typology for each 

class. These typologies are shown in Figure 3.1. Change Management Toolbook represents the 

eight stakeholders' typologies through the three attributes zones and their intersections as in 

Figure 3.1 (Change Management Toolbook, 2013). In this figure the eights stakeholders' 

typology “Non-stakeholder” appears outside all the three attributes. 

According to Change Management Toolbook, stakeholders' groups are classified as 

shown in Table 3.1 (Change Management Toolbook, 2013). This table presents the eight groups 

and the related attribute(s) for each one of them. Consequently, any stakeholder could be sorted 

by one of these attributes or by any of the intersected areas between them. 

Table 3.1. Stakeholders classes based on attributes 
# Stakeholders group Legitimacy Power Urgency 

1 Dormant stakeholders    
2 Discretionary stakeholders    
3 Demanding stakeholders    
4 Dominant stakeholders    
5 Dangerous stakeholders    
6 Dependent stakeholders    
7 Definite stakeholders    
8 Non-stakeholders    
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Methodology 

To reach the research objective, six steps have been followed. First, the literature has 

been reviewed and the different perspectives for biofuel production have been identified. Then, 

different BPS teams were identified and linked to their related perspectives. After that, the 

researchers added some stakeholders' teams with explanations of their importance in such 

decision-making process of biofuel production that has not been mentioned in the literature. 

Next, the mind map diagram of BPS with different biofuel production perspectives has been 

created. Finally, BPS teams have been classified into different classes according to their 

typologies, which identified by the theory of stakeholder identification. 

BPS Identification and Analysis 

In addition to BPS teams identified from the literature, the researchers believe in that 

contractors, facilities' designer(s), and labors/workers should also be considered as groups of the 

BPS. Although, Youngs (2012) limited contractors into those who "owns the commodity and 

pays the farm operator to raise it" while EBTP (2012) limited them into the contracted 

engineering companies, the researchers suggest that contractors' group should be expanded to 

include any contractor that involved in the biofuel production process. This definition exceeds 

Youngs and the EBTP definitions and it is the used one in this article. 

In addition, the researchers believe in that facilities' designer(s) should be also a team of 

the BPS especially at decisions that related to design, layout, and building phase of biofuel 

production facilities. The facilities' designer(s) participation(s) in decision-making during this 

phase will be derived from their core work. 

Front line employees in biofuel production should contribute in decisions related to their 

work because they provide important details and ideas related to their daily work that helps the 
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decision-making process. Furthermore, first line employees will be affected by these decisions. 

Their contributions could enhance decisions related to biofuel production and reduce their 

resistance to implementing the decisions (Al-Amre & Al-Fowzan, 1998; Jordanian government, 

Jordanian e-government program, 2007).  

The researchers believe that each team has to be classified separately to get its value and 

attention in the decision-making process for biofuel production. With the researchers' proposed 

stakeholders' teams plus what have been mentioned previously in the literature as BPS, Figure 

3.2 represents the complete BPS diagram. This diagram shows the five perspectives of biofuel 

production with the related teams of each perspective. As a total, thirty-six BPS teams in this 

figure are distributed on five perspectives for biofuel production. 

 

Figure 3.2. Mind map diagram for BPS perspectives and teams 
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 Result and Discussion 

To recognize BPS teams’ priorities, the theory of stakeholder identification has been used 

with its conducted modification, which is done by Mitchell and his colleagues (1997). To 

identify BPS teams according to typologies, stakeholders are listed and identified in a matrix as 

shown in Table 3.2. In this matrix, BPS teams are sorted based on their related perspectives in 

rows. Then, typologies are listed in the top row. After that, the researchers filled the matrix based 

on the attributes definitions and their knowledge about each team nature of the work in biofuel 

production. 

In this matrix, thirty-six BPS teams are classified into seven different typologies and from 

five different perspectives for biofuel production process. 

Table 3.2. Stakeholders Typologies' Matrix 
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Journalists         
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As a result, out of these thirty-six teams, six are classified as the ones who have the 

legitimacy, nine as having the power, and thirteen as having the urgency. Moreover, by looking 

to the teams who combine two attributes together it was found that two groups are classified as 

having both legitimacy and power. These groups called Dominant groups. Likewise, two groups 

are classified as having both legitimacy and urgency, which are called Dependent groups. On the 

other hand, none of the groups is classified as having both power and urgency, which is called 

Dangerous group. Similarly, none of the groups is classified as a non-stakeholder group. For this 

group, the result is expected due to the Youngs (2012) standpoint when he indicated that every 

person in the world is considered as a biofuel stakeholder. As he mentioned, some of them has a 

direct relation or impact on biofuel production and consumption were others have an indirect 

relationship. Thus, the researchers blocked out this column of stakeholders' typology in the 

analysis matrix. The result of BPS teams' distribution among the eight typologies is summarized 

in Table 3.3. 
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Table 3.3. Summarized BPS teams' typologies 

Legitimacy/ 
Discretionary 

Power / 

Dormant 

Urgency / 

Demanding 
Dominant Dangerous Dependent Definite 

Non-

stakeholder 

6 9 13 2 0 2 4 0 

 

The pie chart in Figure 3.3 represents the percentage of BPS distribution among the eight 

typologies. From this pie chart as well as from the previous results table, it is noticed that the 

biggest group that will be affected by biofuel production is those teams who have the urgency 

(36.11%). After that, comes the group of people and / or organizations who have the power. This 

class represents exactly 25% of all BPS. The percentages of each stakeholders' typology is 

illustrated in Figure 3.3. 

 

Figure 3.3. BPS distribution among typologies 

Although, BPS identification is just an early step in the decision-making, however, upon 

the serious consideration of this step affects the validity of the decision taken. The amount of 

work in this step should rely on the size and importance of the decision. BPS could assess the 

decision according to their typologies. Their participation could be done through a questionnaire, 

workshop, meeting, or any other method, each according to the role and effectiveness in 

decision-making. 
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Assumptions and Limitations 

This study was conducted under three assumptions. First, the five perspectives educed 

from the literature are the only ones for the biofuel production. Second, the thirty-three BPS 

teams from the literature plus the three suggested teams by the researchers are considered the 

BPS teams. Last, the assessment and classification of BPS teams was done based on the 

researchers' understanding and belief of the nature and the role of BPS in biofuel production 

process. Thus, this is the appropriate distribution for them in to the typologies' matrix. 

Conclusion 

In conclusion, this work proposed a supposed BPS teams' evaluation and classification in 

the eight typologies teams. In addition, these teams have been classified according to their 

perspectives of biofuel production. This was done through the application of theory of 

stakeholder identification and its modification that done by Mitchell and his colleagues (1997). 

This work highlights the importance of stakeholders' identification, classifications, and the 

impact of this on the decision-making in general and especially for biofuel production process. 

Instead of relying on any researchers' point of view or making workshops for a group of the BPS 

teams as what has been previously done, this paper used a scientific theory in management 

science as a method to present and classify BPS. This article provides a scientific method to 

assess BPS and classify them into several categories according to the extent of their influence 

and their perspectives about the subject. The results of this study could be used to get biofuel 

production decisions. Finally, this study might help to identify those who are responsible for 

decision-making and their influence into the decision. 
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 Recommendations and Future Work 

For future work, this analysis could be re-conducted with a group of Subject Matter 

Experts to study the result’s robustness or to have more validated analysis for the BPS 

classifications and typologies. Moreover, some other BPS teams if found could be added to the 

mind-map chart as well as to the analysis matrix. The additional teams could be evaluated and 

analyzed by using the same methodology applied in this study. Future work should be conducted 

to classify efficient methods of all BPS(s) involvement in decision-making process, where 

different tools and techniques could be used to get each BPS voice. Finally, the same study could 

be applied to identify other biomass products stakeholders. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



36 

 

 

 

 

CHAPTER 4. BIOFUEL PRODUCTION: UTILIZING STAKEHOLDERS' 

PERSPECTIVES 

A paper published in Engineering Management Journal, Vol. 27, Issue. 2 

Mostafa F. Fawzy and Paul J. Componation 

 

Abstract 

The use of biofuels as a replacement for fossil fuels is growing in the United States and 

other countries in part because of economic and environmental concerns. One of the technologies 

for biofuels production is fast pyrolysis; however, to increase manufacturing of fast pyrolysis 

units, a better understanding of stakeholders' requirements and perspectives is needed. This is a 

complex decision problem. Due to the diversity of perspectives, each group of stakeholders has 

their own unique requirements, which in total will determine the right manufacturing approach. 

Previous studies either investigated optimal sizing from a single viewpoint or have combined a 

subset of perspectives. This study applies multiple tools to develop a more comprehensive view 

of stakeholders' perspectives. Individual subject matter experts were asked to review and 

prioritize a set of requirements that reflected different stakeholders' perspectives, including 

economic, environmental, technical, social, and legal. The perspectives were then used to 

analyze multiple fast pyrolysis units to determine which size was the most effective in meeting 

the perspectives in total. The analysis indicated that the smallest unit, able to process an average 

of 50 tons per day, is the best alternative when viewed from the economic, technical, social, and 
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legal perspectives. However, when viewed from the environmental perspective, a medium-sized 

unit, able to process in the range of 200-500 tons per day, is the best alternative. This work 

provides the basis for further discussions about the individual perspectives, including the 

economic and environmental perspectives of biofuel production. Potential avenues for further 

work in assessment of stakeholders’ requirements are also noted. 

Keywords: Decision-making, biofuel, pyrolysis, stakeholder requirements 

EMJ Focus Areas: Program & Project Management, Quantitative Methods & Models, Strategic 

Management 

Introduction 

In 2012, approximately 91% of U.S. energy production came from non-renewable 

sources, the majority of which was fossil fuels including oil, natural gas, and coal. The remaining 

9% came from renewable sources, 49% of which was from biomass. A large portion of this 

biomass is converted to biofuels (EIA, 2013). Increasing the use of biofuels is important because 

scientists estimate that the world will run out of non-renewable fossil fuels within the next 

century (Shafiee & Topal, 2009).  

President Obama’s 2013 State of the Union address identified clean energy technologies 

as an important pillar for future economic development in the U.S. A new field of research is the 

execution of this national priority - the manufacture of devices that produce clean energy.  The 

Department of Energy refers to this as “energy manufacturing” (U.S. Department of Energy, 

Office of Energy Efficiency & Renewable Energy, 2014), and evidence of the growth of this area 

can be seen by the increased number of NSF research initiatives and workshops supporting this 

field (Georgia Tech Manufacturing Institution, 2009; Georgia Tech Manufacturing Institute, 
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2011). Identifying and understanding different stakeholders’ perspectives is an important first 

step to develop a sustainable research agenda in energy manufacturing. 

The wide range of stakeholders in the public and private sectors has a significant effect 

on which renewable energy sources are developed, where they will be developed, and the design 

of the energy production system to fit energy demands. These questions are of particular 

significance in biofuel production. Conventional cost models predict that the unit cost of energy 

production will decrease as facility size becomes larger (Arrow, 1962; McDonald & 

Schrattenholzer, 2001; Tsuchiya & Kobayashi, 2004). In the case of biofuel production, facility 

sizing becomes more complicated because of the transportation costs of highly distributed and 

low energy density materials. Crude oil refineries in the U.S. average over 126,000 Barrels Per 

Day (bpd), and the largest U.S. refinery can process over 560,000 bpd (3% of the total U.S. 

refining capacity). By comparison, the capacity of bio-refineries is approximately 10,000 bpd. 

This large difference is due in part to significant logistical challenges faced by biomass supply 

chains that negate capital savings from economies of scale (Richard, 2010). There is an optimal 

plant size for the lowest unit cost of biofuel production (Wright & Brown, 2007). However, this 

optimal size is still so large that capital investments for advanced bio-refineries are estimated to 

be as much as a billion dollars, increasing the difficulty in raising capital and increasing 

investment risk. 

There have been advances that may help address the challenge of optimal sizing of 

biofuel production. New approaches may help reduce the economies of scale so that smaller 

facilities do not cost more per unit of energy produced than larger facilities do. Some industries, 

such as aerospace, have begun to explore other design approaches to move away from the 

“bigger is better” approach (Componation & Collopy, 2012). 



39 

 

 

Advanced energy manufacturing technologies can be used to improve the biofuel 

industry, specifically, production of an optimal-sized Fast Pyrolysis Unit (FPU). This article 

reports on progress in the initial phases of a larger research effort on how engineering managers 

facing this class of problem can use decision-making approaches to deal with multiple, often-

conflicting, stakeholder requirements. In this work, stakeholders’ requirements for the biofuel 

production industry were first identified through a current review of research publications. 

Second, requirements were clustered to define stakeholders’ perspectives and then verified by 

Subject Matter Experts (SME). Third, the SMEs prioritized the requirements and used the 

prioritized list to assess three different FPUs to determine how different sizes of FPUs could 

meet these perspectives. A sensitivity analysis was then conducted to determine how robust the 

final recommendation is to changes in stakeholders’ priorities. This process, applied to biofuel 

production, is also applicable in a range of similar open-ended problems that are common in 

engineering design. Problems characterized by limited information, multiple stakeholders, and 

conflicting requirements are often solved by decision-making processes such as Multi-Attribute 

Utility Theory (MAUT). 

Literature Review 

There are multiple stakeholders in renewable energy. Many advocate increasing support 

for renewable energy to improve energy independence and minimize the impact of energy 

production on the environment. For example, the U.S. government recognized the importance of 

renewable energy and adopted policies to increase its production. In 2005, the Renewable Fuel 

Standard (RFS) was passed to set a goal of 7.5 billion gallons of renewable fuel by 2012. In 2007 

the policy was revised (RFS2), and the U.S. government increased the goal to 36 billion gallons 
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by 2022. Additional tax credits have also been allowed for renewable energy to motivate 

investors (Schnepf & Yacobucci, 2010).  

In general, stakeholders looking at renewable energy make their evaluations based on 

efficiency, availability, costs, emissions, and other performance requirements (Karvetski, 

Lambert, & Linkov, 2010). Researchers in biofuels also note requirements from contracts and 

regulations, raw material sources, as well as social, cultural, and political sources (Youngs, 

2012). Stakeholders' priorities vary but it may be possible to model their requirements to develop 

a renewable energy manufacturing strategy. Youngs (2012) suggested a map for stakeholders' 

perspectives and their influence on biomass source selection, which may be used as an example 

of this modeling approach (Figure 4.1).   

 

 

 

 

 

 

 

* The Arrows indicate Direction of Stakeholder Influence and the Number on Each Link Indicates the Degrees 

of Separation between the Stakeholder and the Feedstock Source. Dashed Lines note the Role of Academia in 

Biofuel Research. Source: (Youngs, 2012) 

There have been numerous publications in the past two decades that have identified a 

range of stakeholders’ requirements for the production and use of biofuels. Economic 

Figure 4.1. Map of stakeholders' interactions that influence biomass feedstock choices 
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requirements are commonly mentioned. These include costs related to production and operations, 

materials, transportation, and capital costs. Stakeholders’ requirements include notes on the 

capital risks of investing in biofuels (Wright, Brown, & Boateng, 2008) and facility size 

requirements (Jack, 2009). Stakeholders generally support biofuel development when there is a 

clear opportunity for profit (Michalopoulos, Landeweerd, Werf-Kulichova, Puylaert, & 

Osseweijer, 2011). The work that addresses environmental requirements focuses primarily on 

CO2 and GHG emissions. The opinions on biofuel, both positive and negative, are influenced by 

differences in stakeholders' perspectives (Michalopoulos, Landeweerd, Werf-Kulichova, 

Puylaert, & Osseweijer, 2011). Understanding these requirements is also important to make 

biofuels a feasible alternative to increase energy, national, and environmental security, as well as 

to deliver low-cost competitive products to market (Awudu & Zhang, 2012). 

There are multiple technologies that can be used for the production of biofuels: One is 

pyrolysis, which refers to the thermochemical decomposition of organic material at elevated 

temperatures. Ancient Egyptians used pyrolysis to produce tar for caulking boats. More recent 

uses of this technology include charcoal and coke production. In the 1980s, researchers 

discovered a method to improve the yield of the process by indirectly heating and rapidly 

condensing the biomass (LaClaire, Barrett, & Hall, 2004). An FPU is used for the thermo-

chemical conversion of biomass to biofuel. 

An FPU was selected as a research artifact in this study to encourage development of the 

natural resource base in Iowa (see Figure 4.2) (Wright, Daugaard, Satria, & Brown, 2010), which 

has made it one of the world's leading producers of food and feed crops. The state produces large 

quantities of cellulosic biomass for the production of fuels and bio-based products, as 

demonstrated by Iowa’s leadership in U.S. production of grain-based ethanol. Although Iowa can 
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support significant production of biomass, the material is bulky and highly distributed across the 

countryside, complicating its collection and delivery to processing facilities (Wright, Brown, & 

Boateng, 2008). The production and use of FPUs should match current agricultural output and 

present fuel needs (Swanson, Platon, Satrio, & Brown, 2010). 

 
Source: (Wright, Daugaard, Satria, & Brown, 2010) 

Figure 4.2. Schematic of the biomass fast pyrolysis unit 

Limited work has been done to optimize the size of biomass processing itself (Larasati, 

Liu, & Epplin, 2012) and few studies have analyzed bioenergy production in depth (Dwivedi & 

Alavalapati, 2009). Additional effort is needed to understand what the optimal size of a biomass 

processing facility should be (Larasati, Liu, & Epplin, 2012). Part of the challenge is to 

understand the multiple and often conflicting stakeholders’ perspectives and requirements. 

Researchers have noted that the optimal size of a biofuel unit depends on many variables, not 

least of which is the issue of transportation costs (Wright & Brown, 2007; Larasati, Liu, & 

Epplin, 2012). 
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Previous research has used different size biofuel facilities. A typical corn ethanol plant 

consumes 2,000 tons per day (tpd) of biomass (Wright, Brown, & Boateng, 2008). Many current 

research studies use 2000 tpd as their base case to allow for easy comparison with other work 

even though this may not be the optimal size for all technologies (Wright, Brown, & Boateng, 

2008; Anex, et al., 2010; Swanson, Platon, Satrio, & Brown, 2010; Wright, Daugaard, Satria, & 

Brown, 2010). A medium-sized unit that consumes 200 to 500 tpd of feedstock has been 

proposed as an alternative that could be supported by a small group or a cooperative of farmers 

(Ringer, Putsche, & Scahill, 2006; Wright, Brown, & Boateng, 2008; Wright, Daugaard, Satria, 

& Brown, 2010). The capacity and costs for this size is comparable to the early ethanol and 

biodiesel plants. The smallest size unit proposed consumes 50 tpd and researchers advocate this 

as a viable alternative because it can be mobile rather than built in a fixed location. FPUs of this 

size have been shown to be technologically feasible (LaClaire, Barrett, & Hall, 2004). 

Due to different stakeholders' perspectives, the optimal sizing of FPUs can be classified 

as a complex decision problem that should be solved using a MAUT approach (Min, 1994). All 

decision-making approaches should have the following steps: objective identification, 

identification of two or more alternatives, modeling, result analysis, and sensitivity analysis. The 

MAUT application follows the same pattern followed by other decision-making approaches 

(Dyer, 2005). Although each decision-making approach uses different terminologies to name the 

process stages, the essence of these stages is the same (DCLG, 2009; Chelst & Canbolat, 2011). 

MAUT is more capable of handling practical-sized problems than other methods, such as 

AHP, because MAUT can handle more alternatives than the latter (Smith & Speiser, 1991). Due 

to the lack of accurate data availability for FPUs and the novelty of this research area, advanced 

mathematical decision-making tools cannot be used in this research. The Pugh concept matrix is 
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an alternate tool that could be used to determine the right direction of the facility size for biofuel 

production without complex mathematical formulas (Cervone, 2009a). The Pugh concept is a 

type of a paired comparison analysis (Cervone, 2009b) that can be used as a decision tool when 

there is little or no data for making a decision (Cervone, 2009a). It is a useful decision-making 

technique for biofuel production stakeholders who are challenged with a problem that has 

multiple perspectives and requirements (Pugh, 1991). Furthermore, the Pugh concept is a 

technique of multiple criteria decision analysis inherent in MAUT (Dyer, 2005). This technique 

is useful for decisions that deal with quantitative and qualitative factors, in addition to uncertain 

environments and risky situations (Min, 1994; Cervone, 2009a). It compares different 

alternatives based on known criteria. Moreover, it can be used in situations where there are 

multiple factors that may significantly affect the decision (Cervone, 2009a). This technique can 

be used for unlimited evaluation measures. 

Smaller-scale technology has not been proven to be the right solution in all situations, but 

engineers are encouraged to think small in design and manufacturing perspectives (Dahlgren, 

Lackner, Gocmen, & van Ryzin, 2012). There has been some research looking at alternative 

sized FPUs, although most of the work has been in Europe (Dwivedi & Alavalapati, 2009). If 

FPUs are to be part of the larger energy infrastructure, then more work is needed. Specifically, 

this research helps identify and prioritize stakeholders’ perspectives. It also presents a method to 

analyze these perspectives in a rigorous manner. This method could also have a role in the 

analysis of stakeholders’ requirements for FPUs' manufacturing. 

Methodology 

The research method was designed to support the goal of enabling further development of 

an approach for the manufacturing, placement, and optimal sizing of FPUs for infrastructure of 
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biofuel energy production. In prior work, stakeholders in the biofuel industry were identified 

(Fawzy & Componation, 2014). The aim of this paper is to identify stakeholders’ perspectives 

based on reported requirements, analyzing FPUs to determine how they meet those perspectives, 

and determining how sensitive the analysis is to changes in stakeholders’ priorities (Figure 4.3).  

Methodology Workflow for Pyrolysis Units’ Size Evaluation
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Figure 4.3. Study methodology 

The research begins with a review of the last twenty years of peer-reviewed publications 

on the biofuel manufacturing industry to identify stakeholders' requirements based on different 

interests or perspectives. From the published literature, a draft list of stakeholders' requirements 

was developed with individual documents often providing multiple references. Requirements 

were then ranked based on the number of times each was referenced in the literature. To control 
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the size of the requirements list, individual requirements referenced five or fewer times since 

1996 were excluded.  

The final list of stakeholders’ requirements was then reviewed by a team of ten SMEs for 

completeness. The SMEs were recommended based on consultation with the management team 

from the Iowa State University Bioeconomy Institute, and included academic researchers and 

industry representatives. The SMEs’ experience ranged from 3 to 38 years, with an average of 13 

years.  SMEs also had advanced degrees in Food, Agricultural, Biorenewable Resources and 

Technology, Biological Engineering, Mechanical Engineering, Industrial Engineering, and 

Organic Chemistry. All SMEs had prior experience in, or were currently involved in, biofuels 

research. SMEs were interviewed individually and their responses were recorded by the 

interviewer. The SMEs were asked to place each requirement in one of three groups: High 

importance, medium importance, and low importance. The interviewer explained to the SMEs 

the three levels of evaluation as follows: 

- High importance: A small change in this requirement would have a significant measurable 

impact on the recommended biofuel production strategy. 

- Medium importance: A change in this requirement would have a measurable impact on the 

recommended biofuel production strategy. 

- Low importance: A change in this requirement may influence the recommended biofuel 

production strategy.  

Each SME reviewed and prioritized each item (high, medium, low) on the stakeholders’ 

requirements list. Then, each SME evaluated the FPUs against each individual requirement using 

the 2,000 tpd FPU as the base case since this is the most common size unit researched. The 

SMEs looked at the 200-500 tpd FPU and were asked if it would have an advantage, be the same, 
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or be at a disadvantage in meeting this requirement when compared to the 2,000 tpd FPU base 

case. A five-point scale was used: big advantage, advantage, same, disadvantage, and big 

disadvantage. During this data collection process, SMEs were also able to provide comments to 

the researchers. This process was then completed with the 50 tpd FPU. 

To determine which FPU provided the best fit for stakeholders’ requirements and 

perspectives, the raw data collected from SMEs on prioritization of the requirements were 

converted to numerical scales. The prioritization or weight of the requirements was performed 

using Equation 4.1. 

                      Requirement's weight = 
  (          )    (          )   (          )

                     
                (4.1) 

Where:  

SMEs 1: is the group of those who prioritized the requirement's importance as high. 

SMEs 2: is the group of those who prioritized the requirement's importance as medium. 

SMEs 3: is the group of those who prioritized the requirement's importance as low. 

The raw data on the performance of each FPU against the base case was then converted 

to a numerical score. 

Scores for the 200-500 tpd and 50 tpd FPUs were calculated by summing the products of 

the requirements’ weights and scores.  The 2,000 tpd FPU score is “0” because it is the base 

case.  Higher scores for the other FPUs indicate a better fit to stakeholders’ requirements and 

lower scores indicate a poorer fit. 

Concerns were raised that conducting a sensitivity analysis of the three different FPUs 

using the prioritized stakeholders’ requirements list could be perceived as biased. The majority 

of requirements were seen as economic, thereby making a balanced analysis more challenging. 
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To address these perspectives, the requirements were grouped into the five perspectives 

mentioned in the literature review: economic, environmental, technical, social, and legal. 

Weighting of the perspectives was performed by normalizing the weights of the individual 

requirements and summing the weights for the requirements in each perspective.  The initial 

analysis was re-run using normalized weights to confirm that the same FPU was recommended 

as the original analysis. The sensitivity analysis was conducted on the model using the Logical 

Decisions software (Biggam, 2011). This type of analysis explores the response of the overall 

utility of alternatives to changes in the relative importance (weight) of each requirement 

(Biggam, 2011).  

Results 

This study started by identifying stakeholders’ requirements from the literature reviewed 

for this work. Individual publications that included one or more observations relevant to this 

research were reviewed. Of the 353 observations noted across papers, a total of 202 (57%) were 

related to the economics of biofuels. References that included environmental requirements, a 

commonly-mentioned perspective when discussing biofuels, totaled 52 (15%). A total of 33 (9%) 

observations were also found that noted legal requirements, including government policies, taxes 

and incentives. More detailed information about all papers reviewed is shown in Table 4.1. 
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Table 4.1. References for Stakeholders' Requirements for Biofuel Production 

# 
                               Year  

      Requirement 1
9

9
6
 

2
0

0
1
 

2
0

0
2
 

2
0

0
3
 

2
0

0
4
 

2
0

0
5
 

2
0

0
6
 

2
0

0
7
 

2
0

0
8
 

2
0

0
9
 

2
0

1
0
 

2
0

1
1
 

2
0

1
2
 

2
0

1
3
 

2
0

1
4
 

T
o

ta
l 

1 CO2 & GHG emissions 1 1 1   1 2 1 1 3 4 7 4 2  28 

2 Land use exchange 1     1     1 2 1 1  7 

3 Resources saved 1     1 1 1   4 5 3 1  17 

4 Design cost        1   1 2 3   7 

5 Capital cost 1 1 1  1   2  1 2 6 4 1  20 

6 Number of pieces of equipment            1 2 1  4 

7 Equipment cost   1       2 2 3 3 2  13 

8 Labor cost  1 1  1   1   1 6 5 2  18 

9 Production / Operation cost 1 1 1  1 1 1 3  4 1 9 4 2 1 30 

10 Materials cost (feedstock)   1   1  2  2 3 6 4 2 1 22 

11 Transportation cost for feedstock   1    1 1 1 3 2 6 4 3  22 

12 Overhead cost   1    1     2 1 1  6 

13 Response to market & policy uncertainties        1  2 4 8 3 2  20 

14 Storage cost (for feedstock)   1    2 1  2 1 5 2 2  16 

15 Storage cost (for biofuel)       2 1  1 1 4 1 2  12 

16 Annual investments (maintenance)   1    1 1  1 2 6 3 1  16 

17 Life cycle cost with production cost   1    1    1 2    5 

18 Life cycle cost without production           1 1 1 1 1  5 

19 Feedstock conversion ratio            1    1 

20 Energy saving  1     1 2   2 5 3 1  15 

21 Biomass availability 1       2  1 3 5 3 1  16 

22 Operation efficiency 1      1 1  2 2 7 2 1  17 

23 Number of jobs offered   1  1 1 1  1   6 1 1  13 

24 Energy taxes         1   1 2   4 

25 Energy policy         1   3 2   6 

26 Development status         2    1   3 

27 Possible subsidies         2    1   3 

28 Safety      1    1 1     3 

29 Public acceptance             1   1 

30 Food prices relation            1    1 

31 Learning curve  1   1           2 

Total observations 7 6 12 0 5 7 15 21 9 26 39 110 64 30 2 353 
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Next, stakeholders' requirements were clustered into five perspectives: Economic, 

environmental, technical, social, and legal. The detailed information about the five perspectives 

and their related requirements is shown in Figure 4.4. 

 

             

            

             
                    

               

        

                                          

           

            
            

                             

          

          

               

                          

              

                               

             

             

                                                       

                
         

                

                  

                                   
                    

                       

         

             

                                                         

          

                            
               

              

     
                   

            

             

            

 

 

Figure 4.4. Stakeholders' perspectives 

The model for this research was developed using two techniques. First, Microsoft Excel 

2010 was used to create the study matrix. This matrix identifies requirements with their 

perspectives in the first column. Each perspective's weight is the summation of its related 

requirements' weights. In the first row, the three alternatives are listed from the largest to the 

smallest. Then, for the eighteen requirements, priorities are given based on the average of SMEs’ 

opinions. Table 4.2 shows the final matrix (the model) using Microsoft Excel 2010. From Table 

4.2, it can be observed that the largest unit’s size, which is used as the base, has a total score 

equal to zero. Moreover, the second alternative with a capacity of 200-500 tpd has a total score 

equal to 3.3054. Lastly, the smallest unit’s size has a total score equal to 3.9644. After 

normalizing the weights, the largest unit’s size still has the same value where the medium one 

has a score equal to 0.0779 and the smallest unit’s size has a score equal to 0.093. 
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Table 4.2. Final Matrix with Scores for Alternatives Analysis from the Microsoft Excel Model 

The second model was created using Logical Decisions V7.1. In this software, the overall 

goal and its sub-objectives, which are the five perspectives, are listed with all related 

requirements as measures for each sub-objective. Then, all of the weights are assigned by using 

the direct entry function in the software. Figure 4.5 presents the final hierarchy with the assigned 

weights. 
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 CO2 emission 4 4 2 0 2.2 0 0.111 -0.444 0 0.244 -0.978 0.052 0 0.0058 -0.0230 

 Resources saved 5 4 1 0 2.4 0 0.125 -0.125 0 0.300 -0.300 0.057 0 0.0071 -0.0071 

E
co

n
o

m
ic

 

 Design cost 4 4 2 0 2.2 0 0.333 0.778 0 0.733 1.711 0.052 0 0.0173 0.0403 

 Capital cost (including Equipment) 9 1 0 0 2.9 0 -0.700 -1.300 0 -2.030 -3.770 0.068 0 -0.0478 -0.0888 

 Equipment cost 7 2 1 0 2.6 0 -0.500 -1.200 0 -1.300 -3.120 0.061 0 -0.0306 -0.0735 

 Labor cost 2 2 6 0 1.6 0 -0.700 -1.100 0 -1.120 -1.760 0.038 0 -0.0264 -0.0415 

 Production cost in the facility 7 3 0 0 2.7 0 -0.444 -0.889 0 -1.200 -2.400 0.064 0 -0.0283 -0.0566 

 Materials cost (feedstock) 7 3 0 0 2.7 0 0.400 0.700 0 1.080 1.890 0.064 0 0.0255 0.0445 

 Transportation cost for feedstock 5 2 2 1 2.3 0 1.111 2.000 0 2.593 4.667 0.055 0 0.0611 0.1100 

 Response to market & policy 

uncertainties 
7 2 1 0 2.6 0 0.556 0.889 0 1.444 2.311 0.061 0 0.0340 0.0545 

 Storage cost for feedstock 3 5 2 0 2.1 0 0.500 0.900 0 1.050 1.890 0.049 0 0.0247 0.0445 

 Storage cost for produced biofuel 4 1 4 1 2.0 0 -0.222 -0.333 0 -0.444 -0.667 0.047 0 -0.0105 -0.0157 

 Annual investments (maintenance) 6 4 0 0 2.6 0 0.300 0.100 0 0.780 0.260 0.061 0 0.0184 0.0061 

T
ec

h
n
ic

al
  Energy saving 3 6 1 0 2.2 0 -0.500 -0.700 0 -1.100 -1.540 0.052 0 -0.0259 -0.0363 

 Biomass availability 

 (with current situation in the U.S.) 
6 3 1 0 2.5 0 0.800 1.400 0 2.000 3.500 0.059 0 0.0471 0.0825 

 Operation efficiency 4 6 0 0 2.4 0 -0.500 -0.600 0 -1.200 -1.440 0.057 0 -0.0283 -0.0339 

L
eg

al
 

 Policy & regulations 6 4 0 0 2.6 0 -0.125 0.250 0 -0.325 0.650 0.061 0 -0.0077 0.0153 

S
o

ci
al

 

 Number of jobs offered 2 4 4 0 1.8 0 1.000 1.700 0 1.800 3.060 0.042 0 0.0424 0.0721 

 

Final Scores: 0 3.305 3.964 1.000 0 0.0779 0.0934 
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Figure 4.5. Final hierarchy with assigned weights using Logical Decisions® V7.1 

CO
2  
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The model illustrated in Figure 4.5 was analyzed. As a result, the last alternative, which 

is the facility size with a capacity of 50 tpd, is the best selection, with a utility value equal to 

0.523. This result matches the one from the first Excel model. Likewise, the medium facility size 

(200-500 tpd facility) is the second best alternative. This result is also compatible with the one 

from the first Excel model with a close utility value to the other alternative, 0.519. Figure 4.6 

shows the alternatives ranking and utility values for the model from Logical Decisions V7.1. 

 

 

 

 

Thus, analysis of both models provides the same results. Consequently, both models can 

be considered as two different multi-criteria decision analysis tools to evaluate FPUs for energy 

production. 

By analyzing the additional perspectives and their related factors listed in the interview 

form, as illustrated in Figure 4.7, the researchers found that: 

- Almost all the SMEs interviewed believed in the importance of manufacturing process 

improvement in the decision-making process. An SME from academia argued that the absence of 

this perspective in previous research is due to the lack of such units’ manufacturing in addition to 

the novelty of these units’ appearance in the area even given its importance.   

- Almost all the SMEs interviewed believed in the importance of considering the safety 

perspective in such a decision. It is a very important factor to be considered in decisions of 

manufacturing or building and operating FPUs.  

Ranking for Developing a righit-size Pyrolysis unit Goal

Alternative

1. 50 t/d

2. 500 - 200 t/d

3. 2000 t/d

Utility

 0.523

 0.519

 0.500

Economical

Legal

Technical

Social

Environmental Impact

Preference Set = NEW PREF. SET

Figure 4.6. Final utilities for the alternatives analysis from the model of Logical Decisions® 
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In addition, SMEs believe that some other important requirements should be considered 

in this decision. Those potential requirements also clustered into the five perspectives. From an 

economic perspective, the compatibility of FPUs with the current infrastructure in the Midwest 

region of the U.S. has not received attention in previous studies. In addition, an SME mentioned 

that there is not much analysis about this requirement in the FPUs’ area, to his knowledge. 

However, 60% of SMEs evaluated the compatibility of FPUs with current infrastructure as a 

highly important requirement while the rest evaluated it as having medium importance to the 

decision. Figure 4.7 shows the detailed evaluation of the potential perspectives based on the 

requirements evaluation performed by the SMEs. 
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Figure 4.7. Potential perspectives' importance 

Sensitivity Analysis 

A sensitivity analysis was conducted on the overall perspectives using Logical Decisions 

V7.1. When a sensitivity analysis was performed on an individual perspective, the weight given 
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to that perspective was adjusted up or down. On the other hand, the weights given to the other 

perspectives were adjusted proportionally. Because the economic perspective was given the 

highest priority by the SMEs, a sensitivity analysis was conducted on this perspective first (see 

Figure 4.8). The economic perspective weight was varied from 0 to 100%. The sensitivity 

analysis showed that, when the economic perspective was weighted at any value from 0 to 79%, 

the smallest FPU (50 tpd) was recommended.  When the weight given to the economic 

perspective exceeded 79%, the medium-sized FPU (200-500 tpd) was recommended. The 

vertical line at 62% was the weight given to the economic perspective in the initial analysis, and 

at this point, the smaller FPUs is recommended. 

 

Some SMEs believe that the economic perspective is the most important factor. 

Moreover, they mentioned that everything in such a decision should be converted to dollar 

equivalents regardless of the original perspectives and because businesses usually only focus on 

making profit.  

Figure 4.8. Sensitivity analysis on the economic perspective 

Utility

Percent of Weight on Economical Goal

 0.545

 0.500

0 100

1. 50 t/d

2. 500 - 200 t/d

3. 2000 t/d

Preference Set = NEW PREF. SET
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The same analysis was conducted on the environmental, technical, social, and legal 

perspectives to examine the robustness of recommending the small FPU (Figure 4.9). It is 

interesting to note that the small FPU is recommended in 35 (70%) of the 50 sensitivity analysis 

cases run.  When technical, social, or legal perspectives were weighted from 10% to 100%, the 

smallest FPU was recommended. An increase in the weight of the environmental perspective 

resulted in the medium FPU becoming the recommended alternative when the weight increases 

by 10% or more. A summary of all perspectives' weights, and their impacts on the recommended 

alternative, is shown in Figure 4.9. 

 

 

Due to the strong exchange of roles between the smallest FPU alternative and the 

medium FPU alternative, the changing priorities, and the close utility values for both of them, the 

relationship between these two alternatives was investigated more on the perspectives level using 

a tornado chart as shown in Figure 4.10.  

Figure 4.9. Sensitivity analysis summary for the five perspectives 
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Figure 4.10. Sensitivity analysis on best two FPU sizes 

Conclusions 

Engineering managers are often faced with complex decisions where there are multiple 

stakeholders, and often conflicting sets of requirements. This research addressed a sample from 

this class of problems by using a MAUT process with the integration of a Pugh concept selection 

matrix to determine the appropriate production unit size to satisfy all stakeholders in a biofuel 

industry example. MAUT and the Pugh concept selection matrix enabled the development of a 

model that represented the feasible trade space and allowed decision makers to fully explore that 

trade space to determine the performance of each alternative.  

The process started by taking the eighteen requirements expressed by the stakeholders 

and organizing them into five perspectives: 1) Economic, 2) environmental, 3) legal, 4) social, 

and 5) technical. The recommended FPU size was found to be dependent on these decision 

maker perspectives; the smaller FPU was recommended from the economic, technical, social, 

and legal perspectives, while the medium FPU was recommended from the environmental 

perspective. This finding is consistent with prior research that has noted differences in 
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requirements between economic and environmental perspectives, and work which has noted that 

smaller-scale technologies have not been proven to be the right solution in all situations.  

SMEs in this study were used to help clarify requirements and perspectives; however, 

they too had different views on the relative value of different FPUs. The decision-making 

process presented helped clarify specific reasons for these conflicting values. Overall, the smaller 

FPU was generally recommended and the medium FPU was the second best alternative. Just as 

the recommendation changed depending on perspectives and priorities in the analysis, the SMEs 

also showed differences in opinions.  

The decision-making process used helped frame the trade space. It provided insight to 

help decision makers understand the problem and make recommendations. The use of a range of 

SMEs from different stakeholder groups clarified differences in perspectives and how each 

stakeholder viewed the problem. For example, the authors noticed that industrial SMEs focused 

more on the economic side and converted all their perspectives to equivalent dollars in their 

discussions. This observation is consistent with the results of a previous study that indicated that 

business personnel and private sector personnel tend to highlight the importance of profit and the 

financial side more in their evaluations (Michalopoulos, Landeweerd, Werf-Kulichova, Puylaert, 

& Osseweijer, 2011).  

Two of the SMEs from the industrial sector believed that the medium size is the best 

alternative and that by going to the smallest FPUs, the advantages of scale will be lost.  One 

SME pointed out that such a decision is not linear. Instead of considering which size fits the 

requirements best, stakeholders should decide to start manufacturing the smallest unit size and 

then duplicate it or increase the size as needed. Therefore, the first unit would serve as an 
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experimental unit to examine the situation and improve the learning curve since biofuel 

manufacturing is a new field. 

Many engineering managers often rely on a small set of decision-making tools because 

they are familiar with them and have had success using them in the past. Unfortunately, they may 

try to use this tool to address any decision-making problem regardless of its suitability for the 

problem at hand (Componation & Nicholls, 2011). This research presents the power of using an 

integrated methodology for decision-making which is one of the recent common methods for 

solving complex decision problems (Ho, Xu, & Dey, 2010; Govindan, Rajendran, Sarkis, & 

Murugesan, 2013).  

The integration between the Pugh method and MAUT was proposed and utilized in this 

research as a powerful integrated methodology approach for solving a complex decision 

problem. Moreover, for such big decisions, using quantitative and qualitative data helps build the 

needed model for a decision. 

The authors noticed that the SMEs did not have a consistent evaluation for most of the 

requirements. Therefore, SME group size and diversity could have an influence on the final 

decision for this study. Their impact on the results sensitivity could be examined as future work.  

This study can be replicated also by extending the number of SMEs. More sensitivity 

analysis could be done on the requirements level, to examine their impact on selecting optimal 

size FPUs. Due to the strong exchange of roles between the smallest unit size alternative and the 

medium unit size alternative, as well as on the changing priorities and the close utility values for 

both of them, the relationship between these two alternatives should be investigated more at the 

requirements level in future work.  
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Further examination of the requirements that comprise the environmental perspective is 

needed to illustrate why the recommendation changes as environmental weight is increased. 

Moreover, because of the importance of this kind of decision, each one of the high priority 

requirements should be studied deeply using the same analysis conducted on previous 

perspectives. 

SMEs believe there are other requirements that should be included in the FPUs’ 

manufacturing not mentioned previously in the literature or in the potential requirements. Those 

requirements could be investigated and classified according to the existing perspectives in future 

work as well. Thus, this study could be replicated by considering the potential perspectives, 

which were classified as important ones according to the SMEs’ view. Future work could also 

investigate the similarities and differences between the academic experts and the industrial 

(private sector) experts to determine if they focus on similar perspectives. Finally, future work 

could generalize the methodology used to other forms of renewable energy manufacturing plants. 
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CHAPTER 5. STAKEHOLDERS' REQUIREMENTS ASSESSMENT FOR BIOFUEL 

PRODUCTION 

A paper submitted to Energy Journal 

Mostafa F. Fawzy, Paul J. Componation, and Guiping Hu 

 

Abstract 

Biofuel is one of the best alternatives for fossil fuel in the United States and other 

countries. Increasing attention has been attracted to biofuel production process. Fast pyrolysis as 

one of the most promises thermochemical based advanced biofuel production techniques has 

been brought to the forefront of industry. With limited information about the manufacturing of 

fast pyrolysis units, a better understanding of stakeholders' requirements is timely and necessary. 

This study develops a comprehensive analysis of stakeholders' requirements. Individual subject 

matter experts were asked to rank, review, and evaluate a set of requirements for a unity of fast 

pyrolysis unit sizes. The requirements with their evaluation were then used to determine the most 

effective fast pyrolysis unit size. The analysis showed that the smallest unit size that is able to 

process an average of 50 tons per day is the best alternative based on 50% of the high-prioritized 

requirements. However, when viewed from 37.5% of the high-prioritized requirements, a unit 

able to process at least 2000 tons per day range is the best alternative. Moreover, this work 

provides detailed discussions on the multiple requirements, including a comparison between the 

two fast pyrolysis units with the highest utilities. 
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Keywords: Decision-making, Biofuel, Pyrolysis, Fast pyrolysis unit 

Introduction  

Renewable energy has been gaining attention globally. In the U.S., renewable energy 

production started in 1973 (EIA, 2001) and by 2011, 8% of the U.S. energy production came 

from renewable sources. This percentage increased to 9% in 2012 and then to 11.4% by 2013 

(EIA, 2014). In 2013, 9.298 out of 81.669 quadrillion British thermal units came from renewable 

sources (EIA, 2014). Renewable energy could be used in transportation, industry, residence, 

commerce, and/or electric power consumptions (EIA, 2014). Approximately half of the 

renewable energy production is from biomass (EIA, 2014). 

Biofuel production has a large number of stakeholders. Each stakeholder has different 

perspective and requirements (Fawzy & Componation, 2014). These different requirements can 

make the selection of a biofuel production strategy a challenge. As a result, this research 

objective, optimizing the production of a Fast Pyrolysis Unit (FPU), is classified as a complex 

decision problem that can be solved using a Multi-Attribute Utility Theory (MAUT) approach 

(Min, 1994). The MAUT application follows the same pattern of normal decision-making 

approaches (Dyer, 2005). Decision makers often have to make decisions with limited 

information, especially in new areas such as advanced biofuel production. In order to design 

valid decision-making support systems to assist decision makers in these situations, a detailed 

analysis on the available information is required. This should also include investigation for 

factors that influence the decision under different conditions and situations. This research 

explains the requirements-level analysis and its sensitivity analysis.  

In this research, three alternatives FPUs sizes are analyzed. The first alternative is small 

FPUs with a capacity of 50 tons per day (tpd). The second alternative is a medium FPUs with a 
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capacity between 200 to 500 tpd. Finally, the third alternative is the biggest FPUs with a capacity 

2000 tpd or more. 

A decision-making model was developed using Logical Decision software V7.2 to 

investigate the best FPUs' size based on stakeholders' requirement. 

This study aims to investigate the impact of stakeholders' requirements. This research 

also included a sensitivity analysis to determine the impact of high-prioritized requirements on 

FPU selection. 

 This research supports further development of an approach for the manufacturing, 

placement, and right sizing of FPUs for biofuel production infrastructure.  Decision-makers face 

a lot of open-ended problems such as deciding FPUs size for biofuel production in real life. This 

problem is classified as an open-ended problem because it could have several correct answers 

based on different stakeholders' perspectives and requirements. Further, authors believe that the 

presence of additional information in the future may influence the decision and help better 

understand the problem. This may change the current results or decision based on the conceptual 

assessment of FPUs' sizes.  

This research provides significant insights into complex decision problems with the use 

of powerful tool. In addition, the use of the Logical Decisions tool for the sensitivity and 

robustness analysis, as an integrated tool, developed better understanding of decision-making 

process.  Moreover, this research presents an example of a decision-making approach that uses 

quantitative and qualitative criteria. However, a variety of methodologies, tools and techniques 

could be adopted to solve the problem. The suggested approach could be applied in other 

decision-making processes for other renewable energy resources with lack of information and 

multi-stakeholders involvement for selecting the best option from several alternatives. 
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Literature Review 

FPU's size selection is considered as a complex decision problem due to a verity of 

stakeholders, multi-alternatives, and multi-requirements involved in the decision-making 

process. It is illustrated in the literature that there are multiple BPS groups affecting the decision-

making process each with a specific typology and perspective (Youngs, 2012; Fawzy & 

Componation, 2014). Thirty-six groups are identified then classified into eight typology sets as 

the Biofuel Production Stakeholders (BPSs), which are involved in FPU's manufacturing as 

shown in Figure 5.1 (Fawzy & Componation, 2014). That identification can classification of 

BPSs was done by applying the theory of stakeholder identification, which initiated be Freeman 

(1984).  

             
           

         

                                     

            

                                                     

                 

          

               
                         

             

       

                                  

                 

                       

          

         

         

           

                    

                

                  

         

                   

                                                      

                                       

                        

                         

                       

                  

    

                          

                       

                  

            

                                                 

             

               

                                              

               

                              

            

                         

                                       

             
           

(Source: Fawzy & Componation, 2014) 

 Figure 5.1. Mind map diagram for BPS perspectives and groups 

Research studies published between 1996 and 2014 that mention biofuel manufacturing 

requirements were reviewed. In addition, a list of 31 requirements presented in a study done by 
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Fawzy & Componation (2015) as shown in Table 5.1 is being considered as the base of this 

research requirements recognition. 

Table 5.1. References for Stakeholders' Requirements for Biofuel Production 

(Fawzy & Componation, 2015) 

# 
                               Year  

      Requirement 1
9

9
6
 

2
0

0
1
 

2
0

0
2
 

2
0

0
3
 

2
0

0
4
 

2
0

0
5
 

2
0

0
6
 

2
0

0
7
 

2
0

0
8
 

2
0

0
9
 

2
0

1
0
 

2
0

1
1
 

2
0

1
2
 

2
0

1
3
 

2
0

1
4
 

T
o

ta
l 

1 CO2 & GHG emissions 1 1 1   1 2 1 1 3 4 7 4 2  28 

2 Land use exchange 1     1     1 2 1 1  7 

3 Resources saved 1     1 1 1   4 5 3 1  17 

4 Design cost        1   1 2 3   7 

5 Capital cost 1 1 1  1   2  1 2 6 4 1  20 

6 Number of pieces of equipment            1 2 1  4 

7 Equipment cost   1       2 2 3 3 2  13 

8 Labor cost  1 1  1   1   1 6 5 2  18 

9 Production / Operation cost 1 1 1  1 1 1 3  4 1 9 4 2 1 30 

10 Materials cost (feedstock)   1   1  2  2 3 6 4 2 1 22 

11 Transportation cost for feedstock   1    1 1 1 3 2 6 4 3  22 

12 Overhead cost   1    1     2 1 1  6 

13 Response to market & policy uncertainties        1  2 4 8 3 2  20 

14 Storage cost (for feedstock)   1    2 1  2 1 5 2 2  16 

15 Storage cost (for biofuel)       2 1  1 1 4 1 2  12 

16 Annual investments (maintenance)   1    1 1  1 2 6 3 1  16 

17 Life cycle cost with production cost   1    1    1 2    5 

18 Life cycle cost without production           1 1 1 1 1  5 

19 Feedstock conversion ratio            1    1 

20 Energy saving  1     1 2   2 5 3 1  15 

21 Biomass availability 1       2  1 3 5 3 1  16 

22 Operation efficiency 1      1 1  2 2 7 2 1  17 

23 Number of jobs offered   1  1 1 1  1   6 1 1  13 

24 Energy taxes         1   1 2   4 

25 Energy policy         1   3 2   6 

26 Development status         2    1   3 

27 Possible subsidies         2    1   3 

28 Safety      1    1 1     3 

29 Public acceptance             1   1 

30 Food prices relation            1    1 

31 Learning curve  1   1           2 

Total observations 7 6 12 0 5 7 15 21 9 26 39 110 64 30 2 353 

From a total of 353 observations noted in the literature for the past two decades, both 

requirements of capital cost and response to market and policy uncertainties (flexibility) were 
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mentioned 20 times (5.7%). A total of 30 (8.5%) observations were also stated the production 

cost requirement. Moreover, both annual investments (maintenance) and biomass availability 

requirements are mentioned 16 times (4.5%) in the previous research on biofuel production. 

Material cost requirement is observed 22 times (6.2%) in those previous research where 

equipment cost is mentioned 13 times (3.7%). Finally, energy policy requirement was mentioned 

6 times (1.7%).  

It is important to make biofuels a feasible option to increase energy production, as well as 

national and environmental securities by improving sustainability and delivering low cost 

competitive products to the end-user market (Awudu & Zhang, 2012). However, little work has 

been done to understand what the optimal size of biomass processing facility itself (Larasati, Liu, 

& Epplin, 2012). 

High capital cost is one of the major barriers to investing in advanced bio-refineries. Bio-

refineries share many similarities with fossil-fuel refineries including the need for significant 

financing. Fossil-fuel refineries reduce their capital costs through large-scale deployments that 

take advantage of economies of scale. Crude oil refineries in the United States produce an 

average of 126,000 barrels per day (bpd), and the largest U.S. refinery can process over 560,000 

bpd (3% of the total U.S. refining capacity) (Wright & Brown, 2007). A review of other studies 

shows that bio-refineries capacities are often in the order of 10,000 bpd. This is smaller than 

traditional fossil fuel refineries due in a large part because of the logistical challenges faced by 

biomass supply chains that negate savings from economies of scale (Richard, 2010). Bio-

refineries also need to reduce costs even at small-scale but there is no clear path on how to do 

this.  
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Industry stakeholders usually support biofuel development when there is an opportunity 

for profit (Michalopoulos, Landeweerd, Werf-Kulichova, Puylaert, & Osseweijer, 2011). 

However, more work is recommended to decide the best unit size of biomass processing 

(Dwivedi & Alavalapati, 2009; Larasati, Liu, & Epplin, 2012; Fawzy & Componation, 2015), 

while researchers noticed that the optimal size of a biofuel unit or facility depends on many 

variables such as capital, operation, transportation, and raw material costs (Wright & Brown, 

2007; Larasati, Liu, & Epplin, 2012; Fawzy & Componation, 2015). 

The challenge of developing a distributed bio-refinery system is to overcome the 

conventional cost models that predict the unit cost of a production will decrease as the facility 

size becomes larger (Arrow, 1962; McDonald & Schrattenholzer, 2001; Tsuchiya & Kobayashi, 

2004). The concept of “economies of scale” exemplified that there is a positive linear 

relationship between the size of a facility and the production output. On contrast, the relationship 

between the size of a facility and the construction, operations, and/or maintenance costs is not 

linear. The concept does not take into account recent developments in advanced manufacturing 

technologies. Some of these new manufacturing approaches as well as some new production 

strategies proposes that bigger may not be better. Big facilities may cost more than smaller ones 

(Jack, 2009). Some industries, such as aerospace, have begun to explore other design approaches 

to move away from the bigger is better approach (Componation & Collopy, 2012). Attention is 

now being paid to non-technical parameters that can drive costs in developing new systems 

(Hamaker & Componation, 2010). In the case of Biofuel Production, the result is complicated 

because of the transportation costs of distributed and low-density materials. According to Wright 

& Brown (2007), there is an optimal plant size for the lowest unit cost of biobased production. 
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Nevertheless, this optimal size is often so large that capital investment for advanced bio-

refineries is estimated to be as much as a billion dollars. 

BPSs’ perspectives and requirements are identified in Fawzy and Componation study 

(2015). From that work, ten subject matter experts (SMEs) evaluated a set of eighteen 

requirements as the most commonly noted requirements for biofuel units manufacturing. From 

that study, a detailed analysis of the BPSs' requirements is recommended as a future work. In this 

research, the set of the identified eighteen requirements is used for the stakeholders' requirements 

assessment for FPUs size selection. 

The analysis of three different size FPUs is considered here. First unit’s size is selected to 

be the unit that consumes 2000 tpd. Current petroleum refineries produce more than 10,000 tpd 

and small corn ethanol plants consume 2,000 tpd of biomass (Wright, Brown, & Boateng, 2008). 

This large facility size has been determined to be the optimal size for a Midwestern biorefinery 

based on typical biomass yields and farm participation. Many biofuel papers use 2000 tpd as 

their base case size to allow for easy comparison with previous studies even though it is not 

confirmed as the optimal size (Wright, Brown, & Boateng, 2008; Anex, et al., 2010; Swanson, 

Platon, Satrio, & Brown, 2010; Wright, Daugaard, Satria, & Brown, 2010; Wright, personal 

communication, May 14, 2013).  

Second unit’s size is the unit which consumes 200 or up to 500 tpd of feedstock, and that 

is a size that researchers have envisioned that a small group of farmers would invest in (Ringer, 

Putsche, & Scahill, 2006; Wright, Brown, & Boateng, 2008; Wright, Daugaard, Satria, & Brown, 

2010). The capacity and costs for these sizes are comparable to the early ethanol and biodiesel 

plants (Wright, personal communication, May 14, 2013).  
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The third unit’s size is the smallest unit that consumes 50 tpd of biomass. It is about the 

largest feasible size for a 'mobile' unit that companies (Dynamotive & Ensyn) try to produce. In a 

study done in 2004, it stated, "Fast pyrolysis has proven itself to be a technically viable 

technology for the 0 to 45 tpd plant size range (LaClaire, Barrett, & Hall, 2004). 

Most of the current research on biofuel production as a renewable energy resource has 

been done in Europe (Dwivedi & Alavalapati, 2009). On the other hand, biofuel production has 

not been as heavily researched as other components of the renewable energy industry in the U.S. 

Selecting the right size for the biofuel production facility has become more important as 

production increases in the U.S. In order to design a viable biofuel production system, further 

analysis is needed. Therefore, this research fills a gap in our knowledge about the optimal size of 

biofuel production facilities by providing a detailed explanation of the requirements level 

analysis in addition to the sensitivity analysis of the high-prioritized requirement for this 

complex decision-making problem. 

This research right-sizing FPUs using a Multi-Criteria Decision Analysis (MCDA) as a 

decision-making approach. This will lead to developing a more cost-effective production strategy 

and help prioritize further development efforts. Thus, a general evaluation of the cost-

effectiveness of modular biofuel production is important considering all requirements and 

criteria. 

Methodology 

The research method was designed to support the goal of enabling further development of 

an approach for the manufacturing, placement, and optimal sizing of FPUs for biofuel energy 

production. The focus of this research is to rank stakeholders' requirements based on SME 
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evaluation, to analyze FPUs alternatives to determine how they meet those requirements, and to 

determine how sensitive the result is to changes in stakeholders’ priorities. 

The research begins by inquiring about the identified requirements from the previous 

work about the biofuel manufacturing industry, which on the perspectives-level analysis. The 

model was developed using Logical Decision software V7.2. This software is adopted due to its 

advanced sensitivity analysis capability. In this model, BPSs' requirements directly connected to 

the overall goal. 

Ten SMEs were interviewed individually to evaluate the eighteen requirements as well as 

the three FPUs' sizes. These ten SMEs were recommended based on consultation with the 

management team from the Iowa State University Bioeconomy Institute. The SMEs group for 

this research included academics researchers and industry representatives all with a minimum of 

8 years of experience in the field. 

The SMEs evaluated the importance of each of the eighteen requirements using a three-

level scale (high importance, medium importance, low importance). The interviewer explained to 

the SMEs the three levels of evaluation as follows: 

 High importance: A small change in this requirement will have a significant 

measurable impact on the recommended biofuel production strategy. 

 Medium importance: A change in this requirement will have a measurable impact on 

the recommended biofuel production strategy. 

 Low importance: A change in this requirement may influence the recommended 

biofuel production strategy. 

Then, the average evaluation is calculated using Equation 5.1. 
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                      Requirement's weight = 
  (         )   (         )   (         )

                    
                      (5.1) 

Where:  

SMEs 1: is the group of those who weighted the requirement's importance as high. 

SMEs 2: is the group of those who weighted the requirement's importance as medium. 

SMEs 3: is the group of those who weighted the requirement's importance as low. 

The ten SMEs evaluated each of the FPUs against each individual requirement using the 

2,000 tpd FPU as the base-case since this is the most studied unit size as mentioned in the 

literature. The SMEs looked at the 200 – 500 tpd FPU and was asked if it would have an 

advantage, be the same, or be at a disadvantage in meeting this requirement when compared to 

the 2,000 tpd FPU base case. A five level scale was used (big advantage – advantage – same – 

disadvantage – big disadvantage). During the data collection, each SME were interviewed 

individually. In addition, SMEs were able to provide comments and ask the interviewer for some 

clarification when needed. This process was then completed with the FPUs that consume 50 tpd 

of feedstock.  

To determine which FPU provided the best fit for stakeholders’ requirements, the raw 

data collected from the SMEs on evaluation of the requirements using the five level scale was 

converted to numerical scales as shown in Table 5.2. This is done to transfer the qualitative 

evaluation to a quantitative one to have a numeric score representation for each requirement 

evaluation.  

Table 5.1. Code for Requirements’ Evaluation Assessment Scores 

The code: Big advantage Advantage Same Disadvantage Big disadvantage 

 

2 1 0 -1 -2 
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The raw data on the performance of each FPU against the base case was then calculated 

by getting the average value of the ten SMEs evaluations for each requirement as shown in 

Equation 5.2.   

     Avg. of requirement's scores = 
∑     
  
   

                    
                                      (5.2) 

After that, each requirement's score at each FPU is calculated by using Equation 5.3. 

        Requirement's score = Avg. of requirement's scores * Requirement's weight               (5.3) 

Next, the score of each FPU is calculated by using Equation 5.4.   

                                        FPU’s score = 
18

1

(  )i

i

Requirement score


                                        (5.4) 

Then, these scores normalized using Equation 5.5. After that, these normalized data were 

entered into the developed model using direct entry function in the Logical Decisions V7.2 

software. 

          FPU's score normalization = ∑ (
                   

∑                    
  
   

)  
                                (5.5) 

The model was then run and utilities were calculated. To calculate the utility of each 

alternative, Logical Decisions software uses functions called Single-measure Utility Functions 

(SUFs) which convert measure levels to utilities as explained in the software help. For the three 

FPUs alternatives, the one with the highest utility would indicate a better fit to stakeholders’ 

requirements and the one with the lowest utility would indicate the poorest fit. 

Then, the requirements evaluation by SMEs is used to prioritize the set of identified 

requirements from high importance levels to the lower importance levels. It is assumed that any 
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requirement had a score of at least 2.5 out of 3 is considered as a high-priority requirement. This 

means at least 6 out of the ten SMEs evaluated this requirement as a high-priority requirement. 

Finally, the sensitivity analysis was conducted on the model using the Logical Decisions 

software V7.2 (Biggam, 2011). This type of analysis explores the response of the overall utility 

of alternatives to changes in the relative importance (weight) of each requirement (Biggam, 

2011). Logical Decisions software helps to make decisions based on MCDA. In addition to its 

uses in prior work in the analysis of biofuel stakeholders’ perspectives for FPUs alternatives 

(Fawzy & Componation, 2015), it has been used in fields such as health and environmental 

management (Cipollini, Maruyama, & Zimmerman, 2005; Moffett, Dyer, & Sarkar, 2006, 

Honoré, Fos, Smith, Riley, & Kramarz, 2010). This software allows evaluating alternative 

solutions by considering multibal requirments simultaneously, which simplifies the decision-

making proces with logical illustration. 

Results 

The analysis investigated both the results of the MCDA model and the comments from 

the SMEs. The smallest FPU's size, with a capacity of 50 tpd, is the best option based on the 

study that identified the five perspectives. This research used the eighteen stakeholders' 

requirements identified in the previous research (Fawzy & Componation, 2015) to create the 

model. As mentioned in the methodology, all requirements in the model are connected directly 

to the overall goal, without the clustering on the sub-objectives. Then, all the weights were 

assigned by using the direct entry function in the software. Moreover, Logical Decisions V7.2 

is used in this analysis. Figure 5.2 presents the final hierarchy with assigned weights. 
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Figure 5.1. Final hierarchy with assigned weights using Logical Decisions® V7.2 
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After analyzing the model shown in Figure 5.2, FPU with a capacity of 50 tpd was 

found as the best selection with a utility equal to 0.523. This result coincided with the result of 

the previous study which conducted on the perspectives-level (Fawzy & Componation, 2015). 

Similarly, FPU with a capacity between 200 – 500 tpd became the second best option with a 

utility equal to 0.519. Finally, FPU with a capacity of at least 2000 tpd was found as the least 

selection with a utility equal to 0.500. Figure 5.3 presents the three alternatives ranking and 

utilities for the model based on the stakeholders' requirements analysis. 

 

Figure 5.2. Final utilities for the alternatives analysis from the Logical Decisions® model 

It is noteworthy to mention that the equipment cost requirement is considered as the 

cost of the first group of equipment to run the facility plus any replacement or upgrades during 

the facility lifetime. The requirement of response to market and policy uncertainties means that 

the unit's flexibility and its ability to respond to demand and other market and political 

changes. Furthermore, the annual investment requirement represents the maintenance cost and 

the investors' ability to invest in such process annually. As stated by a SME, maintenance cost 

on average equals to 5% of overall cost, even the SMEs evaluated this requirement as a high-

prioritized one. Incidentally, according to some SMEs, transportation cost represent 
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approximately 10% of the total cost, storages cost for raw material is around 22% and for final 

product it is represents another 10% to 17% of the total cost. 

Two of the SMEs from the industry sector believe that the medium size facility is the 

best alternative and the smallest FPUs will lose the advantages of scale. Moreover, one of 

those two SMEs stated that this is not a linear decision. Instead of considering which size fit 

the stakeholders' requirements best, stakeholders should decide to start manufacturing the 

smallest size then duplicate it or produce bigger ones as needed. In other words, the first unit 

serves as an experimental unit to examine the situation and improve the learning curve. 

For this research, the model is created using the Logical Decisions software V7.2 by 

considering all the eighteen requirements and their weights evaluated by the ten SMEs. The 

weights given to the requirements in the software using the direct enter method. As a result the 

small FPU has the highest utility comparing to the other alternatives. Thus, it is selected as the 

best alternative according to the stakeholders’ requirements and the requirements evaluation of 

the three alternatives. 

Figure 5.4 shows the results of more investigations on the requirements and their 

priorities. The eighteen requirements ranking from the highest importance to the lowest one are 

shown. According to the SMEs' evaluations, eight requirements had a score of at least 2.5 out 

of 3, which is considered a high-priority requirement. Thus, eight out of eighteen requirements 

get high-prioritized importance based on the ten SMEs evaluation. As shown in Figure 5.4, the 

capital cost requirement is evaluated as the highest important requirement for the decision-

making with score of 2.9 out of 3. This means that this requirement has the highest influence 

on the decision were nine out of the ten SMEs ranked it with high importance evaluation. 

Following the capital cost, both requirements of materials cost (feedstock cost) and production 
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cost got the score equal to 2.7 out of 3. Then, four of the eighteens evaluated requirements got 

a score equal to 2.6 out of 3. These four requirements are: Policy & regulations requirement, 

annual investments (maintenance) requirement, the unit's response to market & policy 

uncertainties requirement, and equipment cost requirement. Finally, the biomass availability 

requirement, which is based on the current situation, is considered as a high-priority 

requirement with score equal to 2.5 out of 3, which represent the evaluation of 6 out of 10 

SMEs. These high-priority requirements are the ones that are examined in the sensitivity 

analysis. 

 

Figure 5.3. Ranked requirements of FPUs' manufacturing 
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under the general perspectives. In addition, to know under which condition(s) the decision will 

change. Moreover, what will be the best alternative for other situations, if exist.  

A sensitivity analysis is applied on the requirements using Logical Decisions V7.2. As 

an output from this research, eight out of the eighteen requirements were ranked as high-

prioritized requirements according to the SMEs evaluation. Since the sensitivity analysis in this 

research is focused more on the high-prioritized requirements, it was done on these eight high-

prioritized requirements. When a sensitivity analysis was performed on each requirement of 

these eight, the weight given to that requirement is adjusted up or down to examine when the 

utilities ranking will change. On the other hand, the weights of to the other seventeen 

requirements in the model are adjusted proportionally. Since the capital cost has the highest 

score in the requirements importance evaluation by SMEs, a sensitivity analysis was conducted 

on this requirement first (Figure 5.5). The weight of the capital cost requirement was varied from 

0 to 100%. The sensitivity analysis showed that when the capital cost requirement was weighted 

at any value from 0 to 11% the smallest FPUs (50 tpd) was recommended.  When the weight 

given to the capital cost requirement was increased to 12%, the medium sized FPUs (200 to 500 

tpd) became the recommended size.  When weight of the capital cost requirement exceeds 16%, 

the big sized FPUs (at least 2000 tpd) were recommended. The vertical line at weight of 7% was 

the weight given to the capital cost requirement in the initial analysis and at this point, the 

smallest FPUs is the recommended unit. 

Nine out of the ten SMEs believe that this requirement is the most important one for any 

kind of manufacturing. Moreover, some SMEs mentioned that this is the reason behind the focus 

of previous research on this requirement more than other ones. 
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Figure 5.4. Sensitivity analysis on capital cost requirement 

The same analysis was conducted on each one of the other high-prioritized 

requirements on sequence (Figure 5.6). This is done to examine the decision robustness. It is 
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of most of the SMEs, where they believe that the smallest FPUs will have the advantages to be 
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Figure 5.5. Sensitivity analysis summary for the high-prioritized eight requirements 

It is also worthy to note that some SMEs mentioned that the production cost in the 

facility is also one of the most important requirements affecting decision after the capital cost 

requirement. Seven out of the ten SMEs believe in that the raw materials cost (feedstock cost) 

requirement is one of the factors that has a significant impact on the decision-making process, 

because there is a strong positive relation between this type of cost and the final product price. 

On the other hand, other SMEs believe that this requirement is not that important due to the 

units' flexibility advantage in addition to the availability of this raw material for biofuel 

production. This requirement shows the impact of the input side of the operation on the 

decision-making process. However, if this requirement has no weight value, the medium and 

smallest FPUs alternatives will have the same utilities in the sensitivity analysis.  
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Due to the convergence of utilities between the smallest units' size alternative and the 

medium units' size alternative, the relationship between these two alternatives was studied 

further. Figure 5.7 shows that overall the smaller unit's size of FPUs (50 tpd) has a slightly 

better advantage than the medium FPUs size (500 – 200 tpd).  More specifically, it shows that 

the medium size of FPUs, due to its distribution, is worst in the transportation cost of raw 

material, biomass availability, and number of jobs offered by the facility. Moreover, the 

advantages of requirements such as material cost, raw material storages cost, response to market 

and policy changes is minimal. Figure 5.7 illustrates all the advantages and disadvantages on the 

requirements level base for both small and medium FPUs' sizes using tornado chart. 

Figure 5.6. Sensitivity analysis on best two FPUs' sizes 
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An industrial SME mentioned that some of the requirements could depend on others.  

He argued that equipment costs could be part of the capital cost and labor cost could be part of 

the production cost. As a part of the sensitivity analysis, the authors decided to remove these 

two requirements which could be related to capital and operation costs and rerun the model to 

see the impact of this action. As shown in Table 5.3, the smallest units' size got greater value 

(0.2313 out of 1) than what it had with the existence of the two removed requirements 

(0.0934). In this case, removing these requirements did not affect the final decision. In fact,  it 

did support the decision. 

Table 5.2. Scores for the Alternatives Analysis under SME's Assumptions 

 

 

 

 

≥ 2000 tpd ≥ 2000 tpd ≥ 2000 tpd

(base) (base) (base)

CO2 emission 4 4 2 0 2.20 0 0.1111 -0.4444 0 0.2444 -0.9778 0.06 0 0.0064 -0.0256

Resources saving 5 4 1 0 2.40 0 0.1250 -0.1250 0 0.3000 -0.3000 0.06 0 0.0078 -0.0078

Design cost 4 4 2 0 2.20 0 0.3333 0.7778 0 0.7333 1.7111 0.06 0 0.0192 0.0448

Capital cost (including Equipment) 9 1 0 0 2.90 0 -0.7000 -1.3000 0 -2.0300 -3.7700 0.08 0 -0.0531 -0.0986

Production cost in the facility 7 3 0 0 2.70 0 -0.4444 -0.8889 0 -1.2000 -2.4000 0.07 0 -0.0314 -0.0628

Materials cost (feedstock) 7 3 0 0 2.70 0 0.4000 0.7000 0 1.0800 1.8900 0.07 0 0.0282 0.0494

Transportation cost for feedstock 5 2 2 1 2.33 0 1.1111 2.0000 0 2.5926 4.6667 0.06 0 0.0678 0.1221

Response to market & policy uncertainties 7 2 1 0 2.60 0 0.5556 0.8889 0 1.4444 2.3111 0.07 0 0.0378 0.0604

Storage cost for Feedstock 3 5 2 0 2.10 0 0.5000 0.9000 0 1.0500 1.8900 0.05 0 0.0275 0.0494

Storage cost for produced biofuel 4 1 4 1 2.00 0 -0.2222 -0.3333 0 -0.4444 -0.6667 0.05 0 -0.0116 -0.0174

Annual investments (maintenumnce) 6 4 0 0 2.60 0 0.3000 0.1000 0 0.7800 0.2600 0.07 0 0.0204 0.0068

Energy saving 3 6 1 0 2.20 0 -0.5000 -0.7000 0 -1.1000 -1.5400 0.06 0 -0.0288 -0.0403

Biomass availability (now) 6 3 1 0 2.50 0 0.8000 1.4000 0 2.0000 3.5000 0.07 0 0.0523 0.0915

Operation efficiency 4 6 0 0 2.40 0 -0.5000 -0.6000 0 -1.2000 -1.4400 0.06 0 -0.0314 -0.0377

Policy & regulations 6 4 0 0 2.60 0 -0.1250 0.2500 0 -0.3250 0.6500 0.07 0 -0.0085 0.0170

number of jobs 2 4 4 0 1.80 0 1.0000 1.7000 0 1.8000 3.0600 0.05 0 0.0471 0.0800

38.23 FINAL SCORS: 0 5.7254 8.8444 1 0 0.1497 0.2313
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For this research, three types of sensitivity analysis are conducted. First sensitivity 

analysis is done to examine the result robustness. This sensitivity analysis is done by changing 

each requirement weight from 0% (no importance give to the requirement) to 100% (all the 

importance give to the requirement). Then, authors observe the effect of these changes on the 

result. From this analysis authors found that small FPU size has the advantage in four out of 

the eight high-prioritized requirements. Second sensitivity analysis is done to examine 

differences between the best two alternatives, which are the small and medium FPUs sizes. 

This type of sensitivity analysis done using tornado chart to illustrate the advantages and 

disadvantages of each of the two FPUs sizes comparing to each other based on the 

requirements-level. As a result for this analysis, the small FPU size got the advantage at eight 

out of the eighteen requirements comparing to the medium FPU size. Last sensitivity analysis 

is done to investigate the dependency of two of the requirements according to an industrial 

SME argument.  This type of sensitivity analysis is done by using a Microsoft Excel model by 

excluding the two requirements. As a result of this sensitivity analysis, authors found that the 

smallest FPU size got the highest score again comparing to the other two alternatives. 

Conclusion and Recommendations 

This research supports the decision making process by providing insight on how 

stakeholder requirements influence selection of the appropriate facility size for biofuel 

production. From requirements-level point of view, the smallest FPUs' size is the best option 

for the eighteen requirements, but under specific conditions. From the investigation on the 

requirements-level the authors found that eight out of the identified eighteen requirements as 

were ranked as high-prioritized requirements according to the SMEs evaluation. those eight 

high-prioritized requirements consecutively are: (1) Capital cost, (2) raw materials cost (the 
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feedstock), (3) production cost in the facility, (4) policy and regulations, (5) annual 

investments, (6) response to market and policy uncertainties and changes, (7) equipment cost, 

and (8) biomass availability (in the current situation), as shown in Figure 5.4. 

Three out of the eight highly important requirements present the big FPUs alternative as 

the best alternative under a wide range of weights. In other words, for capital, production, and 

equipment costs, the big FPUs alternative is recommended whenever the weight of each of 

these requirements exceed approximately one fifth of the total requirements weights. From this 

research, it is recommended that more work is needed to focus on reducing capital, production, 

and equipment costs for FPUs manufacturing. This will avoid the economics of scale concept 

and reduce these costs variation among the three FPUs alternatives sizes. Using appropriate 

application of advanced manufacturing technologies is one possible approach to use, since the 

study of advanced manufacturing technologies and its relationship with business' strategy is 

currently receiving significant scholarly attention (Kotha & Swamidass, 2000). In addition to 

that thinking small in design and manufacturing perceptions is another approach that could be 

followed (Dahlgren, Göçmen, Lackner, & van Ryzin, 2013). The combination of these two 

approaches could also be effective in reducing capital, production, and equipment costs.  

Four out of the eight high-prioritized requirements presented the small FPUs size as the 

best option whenever each requirement weight exceeded the 5%. Overall, the medium FPUs in 

the analysis became the second best alternative with a close utility to the first alternative. 

However, only one requirement of the eight high-prioritized requirements presented the 

medium unit's size as the best option for FPU manufacturing with a wide range of weights. 

This requirement is the annual investment requirement including the maintenance cost of the 

facility. This helps to think about the available advantages of maintenance cost for the medium 
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unit's size and how it could be implemented in the smallest unit's size by encourage engineers 

to think small in design and manufacturing perceptions as Dahlgren and his colleague (2013) 

recommended. 

Authors believe this research support the idea that "bigger is not always better." This 

research highlights some requirements' impacts on the decision. Moreover, it paved a way to 

select the unit’s size for biofuel production based on a scientific methodology for the decision-

making considering stakeholders' requirements.  

Even though the smallest FPUs size is the best units' size to pass both analysis levels of 

perspectives, from Fawzy and Componation's study (2015), and requirements, from the current 

research, the biggest FPUs size is recommended as the second best alternative in 37.5% (3 out 

of 8 requirements) of the high-prioritized requirements, from the current research. On the other 

hand, the medium FPUs size is recommended as the second best alternative based on the 

perspectives'-level analysis as shown in Fawzy and Componation (2015). This deep analysis of 

the requirements-level provides a clear picture on what engineers should focus on if they want 

to think small in design and manufacturing perceptions. Moreover, this work illustrates the 

effect of each of the top eight requirements on the FPUs production decision and which of 

them could be improved to reach smaller verses bigger FPUs. 
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CHAPTER 6. A Multi-Criteria Decision Framework for an Unstructured Complex 

Problem: Biofuel Unit Manufacturing 

A paper submitted to Applied Energy Journal 

Mostafa F. Fawzy, Caroline C. Krejci, Paul J. Componation, and Guiping Hu 

 

Abstract 

This paper focuses on an unstructured complex problem assessment. A comprehensive 

analysis was carried out on six decision-making (DM) tools: Pugh Concept Selection Matrix, 

Weighting Sum Method (WSM), Simple Multi-Attribute Rating Technique (SMART), 

Technique for Order of Preference by Similarity to Ideal Solution (TOPSIS), Analytic Hierarchy 

Process (AHP), and ELimination and Choice Expressing REality (ELECTRE). Their advantages 

and disadvantages, in addition to their applications in the renewable energy and biofuel 

manufacturing industry, were demonstrated. A framework of multi-criteria decision analysis 

(MCDA) was utilized to select the best Fast Pyrolysis Units (FPU) that fits the stakeholders' 

perceptions. This decision was based on assessing and measuring three different sizes of FPU for 

biofuel production using Pugh Concept Selection Matrix. The FPU selection process was 

conducted using integrated versions of MCDA based on different DM tools. This research 

proposed the integration between Pugh Concept Selection Matrix and WSM as one integrated 

approach. Moreover, it proposed the integration between Pugh Concept Selection Matrix and 

TOPSIS as another integrated approach. Finally, this research compared results from these two 
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integrated approaches and the result from a previous proposed integrated approach which 

integrated Pugh Concept Selection Matrix, WSM, and sensitivity analysis using Logical 

Decision® software to solve the same biofuel production problem. As a result, all three 

approaches recommended the small FPU as the best alternative that meets stakeholders' needs. 

However, each approach provided a different insight about the problem and the available 

alternatives, which helps the decision makers discuss these alternatives with clear vision.    

Keywords: Multi-Criteria Decision-Analysis, Decision-Making, Biofuel, Pyrolysis. 

Introduction 

Biofuel is a renewable alternative for traditional energy production. One method of 

biofuel production is fast pyrolysis, which is a thermochemical process in which biomass, or any 

other carbonaceous material, is converted into char, bio-oil and non-condensable gases (Fawzy & 

Componation, 2015b). The manufacturing of Fast Pyrolysis Units (FPUs), which is a facility 

used to produce biofuel via fast pyrolysis process, has been studied previously under limited 

scopes by focusing on the analysis of logistic costs to determine optimal size of a biofuel refinery 

(Larasati, Liu, & Epplin, 2012) and further work is needed to continue biofuel development. One 

particular challenge for biofuel development is the number of diverse biofuel production 

stakeholders (BPS) who are involved in the decision of manufacturing FPUs (Fawzy & 

Componation, 2014). Each BPS group has different perspective(s) and requirements (Fawzy & 

Componation, 2015a).  

Determining the right size of an FPU is defined as a complex problem (Fawzy & 

Componation, 2015a).  This right size is a FPU that should meets all or most of the stakeholders’ 

perception. Complex problems are typically evaluated using mathematical modeling methods, 

such as optimization and simulation, or multi-criteria decision analysis (MCDA) methods. 
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However, using mathematical models to assess FPU sizes is often impractical, due to the lack of 

complete information in this conceptual stage. On the other hand, MCDA methods have become 

progressively popular in renewable energy decisions to accommodate the different stakeholder 

perspectives and the inherent system complexity (Pohekar & Ramachandran, 2004; Wang et al., 

2009). In general, problems characterized by limited information, multiple stakeholders, and 

conflicting requirements are often solved by MCDA methods, such as multi-attribute utility 

theory (MAUT) (Fawzy & Componation, 2015a). 

In this study, multiple decision-making (DM) tools were identified through a review of 

research publications, and their application to decision problems in energy and the biofuel 

production industry specifically are identified. Next, comparisons among these DM approaches 

are conducted to highlight the pros and cons of each approach. After that, three of the DM tools 

were chosen to assess the biofuel production system and the FPU size selection problem based 

on previously-determined selection criteria. The problem identification stage, including an 

assessment of BPS perspectives and requirements regarding FPU size (i.e., the decision criteria) 

and the set of feasible unit sizes (i.e., the decision alternatives) was accomplished in our previous 

research (Fawzy & Componation, 2015a). This analysis provides insights into the same problem 

from different points of view. Although we apply these DM processes specifically to biofuel 

production, they are also applicable to a range of similar open-ended problems that are common 

in engineering design.  
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Literature Review 

 

Complex and Unstructured Decision Problems 

Complex decision problems cannot be solved using a simple logical process. This class of 

problems is defined as the case where: (1) The decision maker seeks to achieve multiple, often 

conflicting objectives, (2) the decision maker is faced with many alternative solutions to his 

decision problem, each of which has multiple attributes, (3) the problem is characterized by 

uncertainty, (4) the decision maker does not have perfect information about every aspect of the 

problem, and (5) complexity increases when there are multiple stakeholders involved (Grunig & 

Kuhn, 2013).  There are often disagreements among stakeholders about the relative importance 

of key objectives (Gregory & Keeney, 1994). 

Decision problems that can be described as “complex” are also often considered to be 

“unstructured.” Simon and Newell (1958) introduced the concept of “well-structured” and “ill-

structured” problems. A well-structured problem can be formulated explicitly and quantitatively, 

with objectives that can be described in terms of a well-defined objective function (e.g., 

“maximize profit”), and can be solved algorithmically yielding a numerical solution. By contrast, 

an ill-structured problem contains objectives and decision variables that cannot be expressed 

numerically (i.e., they must be represented qualitatively), and solving such problems using 

standard algorithmic optimization techniques is infeasible (Simon & Newell, 1958).  Gorry and 

Scott Morton (1971) made a distinction between structured and unstructured decision problems 

and argued that the design of solution procedures will be very different for each type. They 

described unstructured problems as requiring human judgment, evaluation, and insights into 

problem definition (which is often ambiguous), whereas structured problems could be evaluated 
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through the use of routine procedures and/or automation. In addressing unstructured decision 

problems, they also argued that providing the decision maker with more and/or better quality 

information would not necessarily improve the quality of their decisions – instead, they required 

decision-supporting methodologies (Gorry & Scott Morton, 1971).  Saaty (1978) differentiated 

structured and unstructured decision problems by focusing on the differences in how accurately 

risk and uncertainty could be quantified for the problem. Unstructured problems differ in that not 

only are the probabilities of each outcome unknown, but the nature of the outcomes themselves 

is unknown (Saaty, 1978). Researchers have argued that most important real-life decision 

problems are unstructured, particularly those faced by upper management in organizations, for 

whom strategic decision making is required (Simon & Newell, 1958; Mintzberg, Raisinghani, & 

Theoret, 1976; Saaty, 1978). 

Many important complex decision problems that lack the structure necessary for 

analytical assessment can also be classified as “open-ended.” An open-ended problem is one 

which could have multiple “optimal” answers, based on different stakeholders’ perspectives and 

requirements, as well as a lack of complete and perfect information (Fawzy, Componation, & 

Hu, 2015). This type of decision problem is one that has not been encountered previously and for 

which no predetermined and explicit set of solutions exists (Mintzberg, Raisinghani, & Theoret, 

1976). 

 
Complex and Unstructured Decision Problems in Renewable Energy 

In the domain of renewable energy management, there are many complex and 

unstructured decision problems that must be addressed. In their review of literature in the domain 

of energy modeling with environmental considerations, Huang et al. (1995) identified six 
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categories of decision problems: Energy planning and policy analysis, site selection of power 

plants, technology choice and project appraisal, energy conservation, energy production and 

operation, and environmental control and management. These decision problems tended to focus 

on minimizing expected risk (in terms of cost, supply, or the environment) and/or maximizing 

energy supply security, economic benefits, or benefits to society. Most of the literature that they 

reviewed (31%) fell into the category of energy planning and policy analysis, which involves 

many uncertain factors and long planning horizons (Huang, Poh, & Ang, 1995). Zhou, Ang, and 

Poh (2006) categorized decision problems in renewable energy management more broadly as 

being either long-term strategic/policy decisions (e.g., policy analysis, investment planning, 

energy conservation strategy selection) or short-term operational/tactical decisions (e.g., bidding, 

pricing, technology choice). Most of the literature that they reviewed (63%) fell into the category 

of strategic/policy decisions. In Pohekar and Ramachandran (2004), the following application 

areas for sustainable energy DM were identified: 

 Renewable energy planning and energy resource allocation (e.g., investment planning, 

energy capacity expansion planning, evaluation of alternative energies) 

 Building energy management (i.e., system design, selection, and installation, given multiple 

objectives) 

 Transportation energy management (e.g., pollution control strategies, vehicle selection) 

 Planning for energy projects (e.g., site selection, technology selection) 

 Electric utility planning (e.g., electrical dispatch scheduling, power generation mix) 

One factor that contributes to the complexity of these decision problems is the multiple 

and conflicting objectives that are involved.  In particular, the traditional focus on minimizing 

costs must be augmented to account for environmental and social sustainability criteria (Wang et 
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al., 2009).  In complex projects like biofuel assessment, it is impossible to optimize all of these 

criteria at the same time (Perimenis et al., 2011). These decision problems are also characterized 

by high uncertainty, multiple stakeholders with varying perspectives, and data and information 

that exist in a variety of forms and degrees of completeness (Wang et al., 2009; Zhou, Ang, & 

Poh, 2006). Additionally, decision makers must incorporate the complex interactions among 

economic, technological, ecological, and social systems that comprise the overall energy system 

(Wang et al., 2009). These decision problems are also often high-impact of irreversible with long 

time frames and capital-intensive investments (Huang, Poh, & Ang, 1995). 

Complex decision problems in the area of bioenergy have some aspects that are specific 

to the domain. In their review of the literature on MCDA methods for bioenergy systems, Scott 

et al. (2012) identify six categories of decision problems in the bioenergy domain: The 

technology to be used, fuel sources, methods for storing and transporting materials, the 

appropriate size and capacity of a project, facility location, and financial management of the 

project. According to Gnansounou (2011), biofuel decision problems are characterized by 

specific criteria, which he categorized into economic, environmental, and social areas of 

emphasis. Economic factors include the benefits attained at all stages of the biofuels value chain 

(including the feedstock producers) and the competitiveness and economic viability of biofuels 

(without government support). Environmental factors include appropriate land use to support 

biodiversity and protect natural ecosystems, natural resource consumption (especially water 

usage), greenhouse gas emissions, and impacts to water and air quality. Social factors include 

social control (i.e., the control that local communities retain over food security, land use rights, 

and inputs, especially seeds) and working conditions and worker safety. He described a wide 

range of stakeholders, including feedstock producers, biofuel producers, and the general public 
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(Gnansounou, 2011). In assessing the specific problem of deciding on the best facility size for 

biofuels production, Fawzy and Componation (2015a) suggested that five categories should be 

considered: Economic, environmental, technical, legal, and social. These categories were based 

on the requirements that were identified by two specific sets of stakeholders: Academic 

researchers and biofuel industry representatives. 

 
MCDA Application in Renewable Energy 

Biofuel production as a complex problem needs a systematic approach to be solved. 

MCDA is particularly suitable for addressing complex energy management problems (Wang et 

al., 2009). MCDA is defined as “a collection of formal approaches which seek to take explicit 

account of multiple criteria in helping individuals or groups explore decisions that matter” 

(Belton & Steward, 2002). MCDA methods can help improve the quality of decisions by making 

them more explicit, rational, and efficient. They can enable a better understanding of inherent 

features of the decision problem, promote the role of multiple participants in decision making 

processes, and facilitate compromise and collective decisions (Pohekar & Ramachandran, 2004). 

However, selecting the most appropriate MCDA method to apply to a decision problem requires 

careful consideration, especially since different methods may provide different results. The 

decision maker(s) should choose a method that is easy to use and understand, that is compatible 

with the available data, that measures what the decision maker wants to measure, and that 

provides the decision maker with all the information he / she needs to make a good decision 

(Loken, 2007). 

Zhou et al. (2006) made a distinction between multi-objective decision making (MODM) 

models and multi-attribution decision making (MADM) models as sub-criteria under the general 
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category of MCDA. The MODM models (i.e., decision problems with many or infinite 

alternatives) usually try to maximize/minimize an objective function, subject to constraints, and 

are typically solved using mathematical modeling/optimization methods (e.g., algorithms). 

Linear programming techniques, in combination with other methods for simultaneous 

consideration of multiple objectives, are the most frequently applied solution methodologies for 

these types of models (Scott, Ho, & Dey, 2012). Although these models are useful in addressing 

some decision problems in renewable energy (e.g., determining an optimal blend of energy 

sources and fuel types, facility location), the MADM approach is required for addressing other 

decision problems in this domain, particularly those that are highly complex and ill-structured.  

 In contrast with the MODM models, in which an optimal or “best” solution is 

mathematically determined, MADM refers to models in which preference decisions are made by 

evaluating and prioritizing the alternatives, which are usually characterized by multiple 

conflicting attributes (Zhou, Ang, & Poh, 2006). In this paper we will consider five of the most-

commonly used MADM methods: The Weighted Sum Method (WSM), the Simple Multi-

Attribute Rating Technique (SMART), the Analytic Hierarchy Process (AHP), the Technique for 

Order of Preference by Similarity to Ideal Solution (TOPSIS), and an outranking method known 

as the ELimination and Choice Expressing REality (ELECTRE). These techniques will be 

described and compared in detail in the Results section of this paper. Furthermore, the Pugh 

Concept Selection Matrix, which was used in prior work to collect data for the same problem 

(Fawzy & Componation, 2015a), will be utilized in this study. 
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FPU Manufacturing Decisions    

FPUs were previously investigated and evaluated as an unstructured complex decision 

problem using an integrated MCDA approach. In this Prior work, 36 groups of stakeholders in 

the biofuel industry were identified. These stakeholder groups were clustered into five sets based 

on their background and interests (Fawzy & Componation, 2014). In a related study, 18 

requirements were identified as the ones that were most frequently mentioned in the literature 

(Fawzy & Componation, 2015a). The sample for this study is assumed to be a group of SMEs in 

bioenergy where each of the five stakeholders’ perspectives is represented by at least one SME 

of the sample. Both studies (Fawzy & Componation, 2014; 2015a) were used for the problem 

identification and data collection for this work.  

For biofuel facility manufacturing, previous research investigated three sizes of FPUs: 

Large, medium, and small. These three sizes were selected to be the alternatives for the study 

described in this paper. Each category is not actually a specific size but rather a range of biomass 

consumptions that are grouped in three sizes for investigation at this initial phase. Previous 

research assumed that the large facility size is a typical corn ethanol plant that consumes at least 

2,000 tons per day (tpd) of biomass (Wright, Brown, & Boateng, 2008). Many current research 

studies use 2000 tpd as their base case to allow for easy comparison with other work even though 

it may not be the optimal size for all technologies (Wright, Brown, & Boateng, 2008; Anex, et 

al., 2010; Swanson et al., 2010; Wright et al., 2010). Therefore, in this study we assumed this 

size to be the base case for evaluation. The medium-sized unit was assumed to consume 200 to 

500 tpd of feedstock, which has been proposed in previous work as an alternative that could be 

supported by a small group or cooperative of farmers (Ringer, Putsche, & Scahill, 2006; Wright, 

Brown, & Boateng, 2008; Wright et al., 2010). The capacity and costs for this size is comparable 



97 

 

 

to the early ethanol and biodiesel plants. The small size unit was proposed to be the unit that 

consumes 50 tpd or less. Researchers advocate this as a viable alternative because it can be 

mobile, rather than built in a fixed location. FPUs of this size have been shown to be 

technologically feasible (LaClaire, Barrett, & Hall, 2004). 

As described by Wright and Brown (2007), there is an optimal plant size for the lowest 

unit cost of biobased product. This optimal size is still so large that capital investment for 

advanced biorefineries is estimated to be as much as a billion dollars. Prior work has also been 

done to develop frameworks to assess cost-effectiveness of alternative energy strategies (Qin et 

al., 2012). Using regular cost analysis techniques focuses only on the economic side of the 

problem. However, at least four other perspectives should be included in the biofuel 

manufacturing units decisions if not more (Fawzy & Componation, 2015a).  

Methodology 

The goal of this research is to apply a set of DM tools to evaluate three different sizes of 

FPUs for biofuel production. Specific questions to be answered in this research effort (shown in 

Figure 6.1) include: 

1. Which DM tools have been applied to complex problems in renewable energy, and more 

specifically, biofuel production? 

2. What are the advantages and limitations of these DM tools? 

3. Is there an individual or a set of DM tools that provide better insight into the complex 

problem of biofuel production? 

4. Based on stakeholder perceptions, which FPU would be recommended for biofuel energy 

production? 
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Methodology Workflow for Pyrolysis Unites’ Size Evaluation

Key:   Start / End   Action   Decision   Connection

Review the lit.

of DM tools

Investigate (+&-) 

of 6 DM tools

highlight the tools 

application in 

renewable energy

highlight the tools 

application in 

Biofuel energy

 BPS = Biofuel Production Stakeholders,   DM= Decision-Making,   FPU= Fast Pyrolysis Units,  SME = Subject Mater Experts,  WSM= Weighting Sum Method,  

TOPSIS= Technique for Order of Preference by Similarity to Ideal Solution,   

*Proposed approach= integration between: Pugh selection matrix, WSM, & sensitivity analysis using Logical Decision software

Select 2 tools to 

integrate w/ Pugh 

selection matrix

Set the decision 

goals

Identify the 

requirements 

(Criteria)

Identify the BPS 

(Decision-makers)

Evaluate the 

identified 

requirements

Evaluate FPU 

sizes using 

Pugh concept

Normalize scores, 

select the highest 

alternative score 

Set the final result 

& discuss it

Calculate the 

score for each 

FPU alternative

Calculate the 

score for each 

FPU alternative

Describe the 

proposed 

approach *

Calculate the 

score of the (+) 

ideal alternative

Identify FPUs 

sizes 

(Alternatives)

Create the DM 

matrix

Calculate the 

weight for each 

requirement

Identify the result 

from proposed 

approach

Calculate the 

score of the (-) 

ideal alternative

Set final result & 

discuss it

Calculate (Dij) 

between 

alternatives

Normalize scores, 

Select best 

alternative

Compare the results 

& discuss it

(2) Problem Identification (previous work)

(1) DM Tools Identification

(5) Solve the Problem Using TOPSIS

(4) Solve the Problem Using WSM

(3) SMEs Interview & Data Collection (previous work)

 

Figure 6.1. Research methodology 

The first task, "DM Tools Identification", is a review of peer-reviewed publications on 

the DM tools since 1986. The most commonly cited DM tools are selected for further analysis. 

Tool selection is based on frequency of use, ease of use, applicability to the problem, and the 

availability of needed data to use the tool. The advantages and disadvantages of each of the DM 

tools are discussed. For the purpose of the case study, we also looked at the DM tools’ 

application to biofuel production. DM tools that are found to be the most applicable were 

selected for use of the biofuel production problem.  

The second task is "Problem Identification." This task was completed in conjunction with 

prior research that identified the BPS (Fawzy & Componation, 2014). It also included 
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interviewing a group of BPS to help clarify the problem, review and provide feedback on 

possible DM criteria and viable biofuel production alternatives (Fawzy & Componation, 2015a). 

The literature review also helped to develop a conceptual framework of the DM model including 

potential criteria and biofuel production alternatives: 2,000 tpd as the base case, 200 to 500 tpd 

as the medium sized unit, and 50 tpd as the small unit (Fawzy & Componation, 2015a). Based on 

the interviews, a final DM matrix was developed. Inputs from the BPS were also used to identify 

Subject Matter Experts (SMEs) who would participate in the next phase of the research. 

As part of the second task, a Pugh Concept Selection Matrix was selected to structure the 

problem for the SME interviews and data collection. The Pugh Matrix was used in this research 

because it can determine the right direction of the facility size for biofuel production without 

complex mathematical formulas (Cervone, 2009a). It is a paired comparison analysis (Cervone, 

2009b) that can be used as a DM tool when there is little or no data available (Cervone, 2009a).  

It is a tool that works well when stakeholders are challenged with a problem that has multiple 

perspectives and requirements (Pugh, 1991).  Another advantage of the Pugh Matrix for this 

application is that it is useful for decisions that deal with quantitative and qualitative data, in 

addition to uncertain environments and risky situations (Min, 1994; Cervone, 2009a).  

The third task was the SME interviews and data collection, which had also been 

completed as part of a prior effort (Fawzy & Componation, 2015a; Fawzy, Componation, & Hu, 

2015). Identification and selection of SMEs is not a trivial task. A study conducted to evaluate 

different alternatives for new energy system development used a team of 14 SMEs (Tzeng, 

Shiau, & Lin, 1992). Another study evaluated the regional sustainability of bioenergy 

development had 13 bioenergy SMEs participate in the multi-stakeholder forum (Kurka, 2013). 

Therefore, we decided to invite 15 bioenergy SMEs for this study to evaluate the three FPUs 
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alternatives. The SMEs were recommended based on consultation with the management team 

from the Iowa State University Bioeconomy Institute, and included academic researchers and 

industry representatives. The SME team members’ experience ranged from 3 to 38 years, with an 

average of 13 years. SMEs also had advanced degrees in Food, Agricultural, Biorenewable 

Resources and Technology, Biological Engineering, Mechanical Engineering, Industrial 

Engineering, or Organic Chemistry. All SME team members have had prior experience in or are 

currently involved in biofuels research. 

In general, data can be collected through observation or communication. Since this 

research assessed a conceptual model, and observational data is typically done on an existing 

process or experiment, it was not a viable option for this study. The communication approach is 

useful in examining attitudes, motivations, intentions, and expectations (Blumberg, Cooper, & 

Schindler, 2008). The most common communication data collection methods are fact-to-face 

interviews, phone interviews, and self-administered inquiry. These methods can be used 

alternatively or in a combination (Blumberg, Cooper, & Schindler, 2008; Biggam, 2008). Face-

to-face interviews were conducted for this study because they allow the interviewer to gather in-

depth data and ask for further explanations as needed (Blumberg, Cooper, & Schindler, 2008). In 

addition, it gives the SMEs the chance to ask for clarification of questions. A challenge is that 

face-to-face interviews require more labor in the data collection and when conducting follow-ups 

(Hussey & Hussey, 1997; Blumberg, Cooper, & Schindler, 2008). To avoid or at least minimize 

these disadvantages, researchers interviewed local SMEs. To allow elaboration, the interview 

had one open-ended question to allow the interviewee to discuss freely about perspectives and 

requirements that are important in biofuel production from their viewpoints. The interviewers 

were only able to successfully schedule 10 of the planned 15 interviews with SMEs. In each 
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interview, the SME was asked to evaluate the priority of each requirement and then compare 

how each of the three FPU performs.  

Detailed justifications of requirement weights are not always included in new energy 

evaluation studies. Part of that is because of the uncertainties associated with new energy 

developments, where performance of the alternatives is difficult to quantify (Tzeng, Shiau., & 

Lin, 1992). In some cases, stakeholder inputs to evaluate the requirement weights are done as 

separate task prior to the actual energy policy study (Browne, O'Regan, & Moles, 2010). Others 

used a pair-wise comparison technique to ask stakeholders to compare the importance of criteria 

(Wang et al., 2009). Another approach is the use of voting technique such as Noguchi's voting 

and ranking methods to determine the criteria orders instead of weights (Liu & Hai, 2005).  

In this study, SMEs were interviewed individually and their responses were recorded and 

later transcribed by the interviewer. The SMEs were asked to place each requirement in one of 

the three groups: High importance, medium importance, and low importance. The interviewer 

explained to the SMEs the three levels of evaluation as follows: 

 High importance: A small change in this requirement would have a significant 

measurable impact on the recommended biofuel production strategy. 

 Medium importance: A change in this requirement would have a measurable impact on 

the recommended biofuel production strategy. 

 Low importance: A change in this requirement may influence the recommended biofuel 

production strategy.  

To determine which FPU provided the best fit for stakeholders’ perspectives and 

requirements, the raw data collected from SMEs on requirements ranking were converted to 

numerical scales. The weight of each requirement was performed using Equation 6.1. Then, the 
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raw data on the performance of each FPU using Pugh Matrix were converted to a numerical 

score. 

 

Requirement's weight = 
  (          )    (          )   (          )

                     
                   (6.1) 

 

Where:  

SMEs 1: is the group of those who weighted the requirement's importance as high. 

SMEs 2: is the group of those who weighted the requirement's importance as medium. 

SMEs 3: is the group of those who weighted the requirement's importance as low. 

The 2,000 tpd large-size FPU was selected as the base case. The 200 – 500 tpd medium-

size unit is compared to the large FPU, and the SMEs were asked if the medium unit would have 

a big advantage, a median advantage, would perform the same, would be at a median 

disadvantage, or a big disadvantage. The SMEs then repeated the process comparing the 50 tpd 

small-size units to the large unit. The coding to convert the qualitative responses from the SMEs 

to a qualitative scale is shown in Table 6.1. During this data collection process, SMEs were also 

able to provide comments on any additional requirement during the interview. 

Table 6.1. Code for Requirements’ Evaluation Assessment Scores 

The code: 
Big 

advantage 

Median 

advantage 
Same 

Median 

disadvantage  

Big 

disadvantage 

 
2 1 0 -1 -2 

Scores for the medium and small FPUs were calculated by summing the products of the 

requirements’ weights and scores. The large FPU score is “0” because it is the base case. Higher 

scores for the other FPUs indicate a better fit to stakeholders’ requirements and lower scores 

indicate a poorer fit. 



103 

 

 

Tasks four and five were the integration of two alternative DM tools (WSM and TOPSIS) 

with the Pugh Concept Selection Matrix. This included biofuel production requirements with 

their associated weights, three fast pyrolysis unit alternatives, and a comparison of the 

performance of the medium and small size fast pyrolysis unit alternatives in comparison to the 

base case large fast pyrolysis unit.  The purpose of this analysis was to determine if any insights 

could be gained by applying additional DM tools to the problem of determining which specific 

FPU can be recommended.   

The final work was to compare and contrast the results obtained from the original and the 

two new DM tools application.  

Results 

 

DM tools investigation    

An investigation of MCDA tools, as DM tools, answered the first two research questions. 

The first question was to identify the DM tools that were applied to energy decision problems. 

The second question was concerned with finding the advantages and limitations of these DM 

tools. Table 6.2 summarizes the results of this investigation.  

Table 6. 2. DM tools definitions, advantages, and disadvantages. 

M
A

D
M

 

ap
p

ro
ac

h
 

Definition Advantages Disadvantages References 

W
S

M
 

- Alternative score = the 

summation of the 

products of each 

criterion performance 

measure and associated 

importance weight 

- Scores enable the 

comparison and ranking 

of alternatives  

- Simple technique; easy to 

use and understand 

- Easy to explain to 

stakeholders 

 

- Performance measures 

must be measurable, 

comparable, and 

expressed in the same 

units 

- All criteria are assumed 

to be evaluated 

independently 

(Triantaphyllou 

& Baig, 2005; 

Componation & 

Nicholis, 2011) 
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S
M

A
R

T
 

- An extension of WSM 

- Allows the decision 

maker to use value 

functions to assess 

alternatives’ 

performance against 

specific criteria 

- Enables direct comparisons 

among performance 

measures that have different 

units and/or different 

direction of improvement 

- The value functions can be 

tailored to meet specific 

decision maker 

requirements and 

preferences 

- The graphical presentation 

of the results encourage 

decision maker to discuss 

the results  

- More complicated than 

WSM 

- Data demands can be 

significant 

- The process of defining 

the value functions is 

complex and can be 

difficult to explain to 

stakeholders 

- Does not report the best 

alternative 

(Goodwin  
&Wright, 2004; 

Oyetunji & 

Anderson, 2006; 

Goodwin & Wright, 

2009; Componation 

& Nicholis, 2011) 

 

A
H

P
 

- A quantitative 

comparison method 

based on pair-wise 

comparisons of decision 

criteria 

- Suitability for the 

evaluation of qualitative 

criteria 

- Ability to measure decision 

maker consistency 

explicitly 

- Compare each to criterion 

together and help to 

understand the relation 

between criteria  

- Can be too involved and 

time consuming for 

decisions involving 

many criteria and 

stakeholders 

- No absolute measures of 

performance; all are 

relative 

- Hard to explain to 

stakeholders 

(Saaty, 1980; 

Saaty & Salmanca-

Buentello, 1994; 

Belton & Stewart, 

2002; Componation 

& Nicholis, 2011) 

 

T
O

P
S

IS
 

- A method that selects 

the alternative that is 

closest to the ideal 

solution and furthest 

from the worst-case 

solution 

- Intuitive underlying concept 

- Provides a good 

understanding of the 

problem 

- Complex evaluation 

procedure may be 

problematic for decision 

makers lacking 

experience with the use 

of quantitative analysis 

(Yoon & Hwang, 

1995; Tong, Wang, 

& Chen, 2004; 

Componation & 

Nicholis, 2011) 

 

O
u

tr
an

k
in

g
 

(E
L

E
C

T
R

E
) 

- Methods in which the 

performance of 

alternatives in 

comparison to each 

other, rather than 

achieving a final 

ranking of alternatives.  

- Family of methods  

- Examples: ELECTRE I 

& ELECTRE II, 

ELECTRE III 

- Allows incomplete data sets 

to be used 

- Allows for quantitative and 

qualitative criteria 

- Provides a good 

understanding of the 

problem 

- A final ranking of 

alternative preferences 

is not reached 

- Does not provide the 

best alternative  

- Stakeholders may find 

the method to be too 

technically difficult to 

fully understand the 

approach 

- Many non-intuitive 

inputs are required 

- Not comfortable to use 

- Not easy to explain to 

stakeholders 

(Roy, Present, & 

Sithol, 1986; Belton 

& Stewart, 2002; 

Wang et al., 2009) 
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P
u

g
h

 M
at

ri
x

 

- It is a paired comparison 

analysis 

- Could compare 

alternatives or criteria 

- Easy to use 

- Does not require complex 

mathematical formulas 

- Can be used when there is 

little or no data available 

- Works well when 

stakeholders are challenged 

with a problem that has 

multiple perspectives and 

requirements 

- Useful for decisions that 

deal with quantitative and 

qualitative data, in addition 

to uncertain environments 

and risky situations 

- Not a strong tool to 

provide a final decision 

for a complex problem 

(Pugh, 1991; 

Min, 1994; 

Cervone, 2009a; 

Cervone, 2009b) 

 

WSM is the simplest and most commonly used DM tool (Triantaphyllou & Baig, 2005; 

Theodorou, Florides, & Tassou, 2010).  With this approach, the score Pi for an alternative Ai is 

determined by summing the products of the criteria importance weights wj and the performance 

scores aij for that alternative in relation to the criteria Cj. The performance scores aij are such that 

higher values are better, and the same units are used for all criteria; therefore, the alternative with 

the largest cumulative score Pi is determined to be the most preferred choice.  With this method, 

the higher the value of wj is, the more important its associated criterion Cj is assumed to be.  The 

values of wj are typically normalized so that they sum to one.    

WSM has been applied to the complex decision problem of determining the best biofuel 

conversion pathway, where a “pathway” is characterized by the types of biomass/biofuel 

production methods used, as well as the biomass/biofuel logistics and distribution schemes. In 

their analysis of a biodiesel conversion pathway, Perimenis et al. (2011) derive performance 

measures within four categories of assessment criteria: technical, economic, environmental, and 

social. Each of the measures is then converted to a constructed scale with values from 1 to 5 

(where 5 is best), and weights are determined via a simple comparison matrix in which the 

relative importance of each criterion was determined by stakeholders. For each alternative, each 
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performance measure score is multiplied by its respective weight and the results are summed to 

give a final score. Using these scores, the pathway alternatives can be compared and ranked 

(Perimenis et al., 2011). 

The SMART method is an extension of WSM that allows the decision maker to use value 

functions to determine each performance score aij. The value functions map the range of values 

for each performance measure to a common dimensionless scale, where the most-preferred 

variable is assigned a value of 100, the least-preferred variable is assigned a value of 0, and 

additional alternatives are given values between 0 and 100 (Goodwin & Wright, 2009). The 

value functions can be tailored to match the requirements and preferences of decision makers and 

stakeholders, and as a result, the functions are often non-linear (Componation et al., 2013). 

In their review of MCDA applications to sustainable energy decision problems, 

Theodorou et al. (2010) reported that SMART has not been widely used to analyze energy 

planning decisions and suggest that this may be because the determination of the value functions 

is data-intensive and complex, and decision makers and stakeholders may find the mapping of 

performance measures to value functions to be too abstract. The literature review did not identify 

any applications of SMART to biofuel/biomass decision problems.  In the more general domain 

of renewable energy decision making, Jones et al. (1990) used SMART to evaluate five national 

energy policy portfolios using 41 performance measures, which were divided into five 

categories: economic, environmental, political, social, and technical. The portfolios contained a 

variety of energy sources (e.g., fossil fuels, nuclear, solar), as well as the option to implement 

energy conservation measures (Jones, Hope, & Hughes, 1990). 

AHP is a popular MCDA method developed by Thomas Saaty (1980). AHP is similar to 

the WSM and SMART in that all of these methods use an additive preference function to 
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evaluate alternatives (Belton & Stewart, 2002). However, rather than using absolute measures of 

performance and value functions, AHP is based on a series of pairwise comparisons of the 

decision criteria, in which all individual criteria must be paired and compared against each other. 

The decision maker uses a numerical scale (1 to 9) to compare the criteria/alternative p to q, 

where low values represent weak or no preference for p over q, and high values indicate strong 

or absolute preference for p over q. Once all pairs of alternatives have been compared, the 

resulting values are compiled in a matrix. The eigenvector corresponding to the maximum 

eigenvalue of the matrix is determined through a process of iterative calculations, and this vector 

of scores is normalized to sum to one, which results in a final list of relative preferences. The 

decision maker’s consistency throughout all pairwise comparisons can be measured explicitly by 

calculating a consistency index. 

In their reviews, both Zhou et al. (2006) and Theodourou et al. (2010) identified AHP as 

the most widely used MCDA method for renewable energy planning.  Zhou et al. (2006) 

suggested that AHP’s popularity is due to its simplicity, ease of understanding, and suitability for 

the evaluation of qualitative criteria. However, Theodourou et al. (2010) noted that AHP is best 

applied to decisions in which there are relatively few criteria and decision makers, indicating that 

the pairwise comparison process can make the analysis of large problems overly cumbersome. 

Kurka (2013) applied AHP to a decision problem in which four alternative scenarios for regional 

bioenergy production were compared. Each scenario differed in terms of energy production 

scale, number of facilities, degree of facility centralization, and type/source of biomass.  Nine 

criteria were used to compare the alternatives, and these criteria were divided into four 

categories: economic, environmental, technical, and social.  The model was applied to a case 

study in Scotland, and results were analyzed for sensitivity to changes in weights (Kurka, 2013). 
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TOPSIS is an MCDA technique developed by Yoon and Hwang (1995). The concept of 

this method is that the best alternative should be near the theoretical positive ideal solution and 

far away from the theoretical negative solution. The positive ideal solution has the best score 

from each requirement (i.e., a theoretical solution that has an optimal performance score for all 

criteria), whereas the negative ideal is the one with worst scores form all requirement (Wang et 

al., 2008; Wang et al., 2009). To calculate the “distances” between actual and ideal performance 

scores, the Euclidean formula is used. The weighted distance di between an alternative Ai and the 

ideal solution A
*
 is the sum of the squared distances between the actual performance score aij and 

the ideal score aj* for each criteria Cj, multiplied by the squared weight wj of criteria Cj (Wang et 

al., 2009). The distances   
  between actual scores and worst-case scores are calculated similarly. 

The relative closeness of each alternative Ai to the ideal alternative is then determined by 

calculating the ratio of the negative distances to the positive distances. 

In their review of applications of MCDA methods to energy decisions, Zhou et al. (2006) 

reported that TOPSIS has not been widely implemented. The literature review did not identify 

any existing applications of TOPSIS to decision problems in the bioenergy domain. Yang and 

Chen (1989) used TOPSIS to extend a single-objective cost minimizing decision analysis on how 

much nuclear energy production capacity should be added to Taiwan’s portfolio of energy 

sources, as well as the timeline for this increase, to an MCDA. The new analysis included four 

categories of criteria: cost, environmental considerations, vulnerability of fuel supply, and risk of 

disaster. TOPSIS was used in conjunction with optimization methods to evaluate the optimal 

energy portfolio for five different scenarios (Yang & Chen, 1989). 

The outranking methods (i.e., ELECTRE and PROMETHEE) are fundamentally different 

from other MCDA methods in that there is no underlying aggregate value function, and the final 
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output of an analysis is not a specific value for each alternative, but rather an “outranking 

relation”, or matrix, that shows the relationships between alternatives (Belton & Stewart, 

Multiple Criteria Decision Analysis: An Integrated Approach, 2002). This output enables 

decision makers to determine whether a given alternative Ai outperforms (i.e., outranks) 

alternative Aj. The emphasis is on understanding the performance of alternatives in relationship 

to each other rather than resulting in a final ranking (Componation et al., 2013). 

Outranking methods, especially ELECTRE III and PROMETHEE, are widely used in 

renewable energy planning, particularly in the domain of bioenergy (Beccali, Cellura, & 

Mistretta, 2003). In their review of MCDA methods as applied to decisions in bioenergy 

systems, Scott et al. (2012) identified nine papers in the literature that used outranking methods. 

In summary, this investigation of DM tools indicated that the two most-commonly 

applied DM tools in biofuel decision problems are AHP and ELECTRE (Beccali et al., 2003; 

Roy, Present, & Sithol, 1986). In addition, WSM was commonly mentioned in previous biofuel 

decisions as an easy DM tool (Triantaphyllou & Baig, 2005; Perimenis et al., 2011). Other DM 

tools, such as SMART and TOPSIS, are not widely adopted in energy modeling (Zhou et al., 

2006; Theodorou et al., 2010). Similarly, Pugh Matrix has not been applied to decisions in the 

renewable energy domain, other than one report that mentioned the use of this tool for a decision 

about biodiesel produced from different microalgae strains (Coelho, Dutta, & Silva, 2013). Table 

6.3 summarizes these results. 
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Table 6.3. DM tools application in energy decisions and biofuel industry 

M
A

D
M

 

ap
p

ro
ac

h
 

Energy & biofuel industry applications References 

W
S

M
 - Used to decide among multiple biofuel conversion pathways (i.e., 

sequences of biomass/biofuel production and distribution alternatives), 

considering technical, economic, environmental, and social criteria 

(Perimenis et al., 2011) 

S
M

A
R

T
 

- Applied to the multi-attribute problem of determining which energy policy 

should be selected for the UK, given five different portfolios of energy 

sources 

(Jones et al., 1990) 

 

 

A
H

P
 

- Widely employed to sustainable energy DM: social, economic, agriculture, 

industrial, ecological, and biological systems (energy systems) 

- Applied on decisions for: 

o Oil and gas 

o Renewable energy and energy in general 

o Energy planning and policy analysis 

o Site selection 

o Production 

o Environmental impact assessment 

- Used to determine which of four regional bioenergy production scenarios 

should be implement, where each scenario varied in terms of scale, 

location/degree of centralization of facilities, and type/source of biomass 

(Gwo-Hshiung, Tzay-an, & 

Chien-Yuan, 1992; Huang, 

Poh, & Ang, 1995; Wang et 

al., 2009; Ho, Xu, Dey, 2010; 

Kurka, 2013) 

T
O

P
S

IS
 

- Applied to decision problem of when/by how much to increase nuclear 

energy production capacity, relative to the available capacity of other 

energy sources 

(Yang & Chen, 1989) 

O
u

tr
an

k
in

g
 

(E
L

E
C

T
R

E
) 

Applied on decisions for: 

- Feedstock sources 

- Biofuel processing technology selection 

- Comparison of biofuels/biomass with other energy sources to determine 

optimal source or mix of sources 

- Biofuel selection in vehicles  

(Georgopoulou et al., 1997; 

Beccali et al., 2003; 

Mohamadabi et al., 2009) 

P
u

g
h

 

M
at

ri
x

 

- Biodiesel produced from different microalgae strains (Coelho, Dutta, & Silva, 2013) 

 

DM Integrated Approaches Implementation of the FPUs’ Decision Problem    

For the purpose of this study, we decided to solve the FPU size selection problem using a 

simple and straightforward DM tool, and then using a more complicated DM tool to determine 

whether the outcomes were different and to gain insights into the value of approaching the same 

problem using two different tools. In addition, we decided to solve the problem using one tool 
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that has already been used in this field and one that has not previously been applied in this field 

before (or had limited application). 

Although AHP and ELECTRE have already been applied widely in this field, TOPSIS is 

a tool that has limited application in this area. Moreover, TOPSIS is not classified as an easy and 

straightforward DM tool. Therefore, we selected this tool as the one representing the complicated 

tool and the one that has limited application in this field. 

WSM is classified as the easiest tool for DM, and it has frequently been applied in this 

field. Therefore, we selected this tool as the one representing the easy tool and the one that has 

been applied in this field previously. 

The third research question looks at whether an individual or a set of DM tools would 

provide better insight into the complex problem of biofuel production, and the fourth research 

question was concerned with which FPU is recommended for biofuel energy production based 

on stakeholder perceptions. First, prior work was used to define the problem and collect the data. 

Then, the problem was solved using WSM and TOPSIS. Finally, the results from the two DM 

tools in addition to the result from the prior work will be discussed and compared.  

The process of problem identification that was performed in prior work is summarized in 

the following steps: 

- Decision maker identification: A total of 36 unique BPS were identified in the 

literature (Fawzy & Componation, 2014). Further study grouped the BPS into five 

perspectives: Economic, environmental, technical, social, and legal (Fawzy & Componation, 

2015a). The sample selected to collect the data is a group of SMEs in bioenergy where each of 

the five stakeholders' perspectives is represented by at least one out of the responding 10 

SMEs. 
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- Requirements identification: 18 requirements are selected to be the decision criteria as shown 

in Table 6.4 (Fawzy & Componation, 2015a). 

- Decision goals: The objective was to determine the optimal sizing of an FPU that reduces 

capital costs, investment risk, and is more responsive to changes in energy demands (Fawzy & 

Componation, 2015b). Table 6.4 summarizes the desired direction of improvement for each 

requirement (Fawzy & Componation, 2015a). 

Table 6.4. Decision criteria and goals 

Requirements Goals 

 CO2 emission (-) Minimize 

 Resources saving (-) Minimize 

 Design cost (-) Minimize 

 Capital cost (Including Equipment) (-) Minimize 

 Equipment cost (-) Minimize 

 Labor cost (-) Minimize 

 Production cost in the facility (-) Minimize 

 Materials cost (Feedstock) (-) Minimize 

 Transportation cost for feedstock (-) Minimize 

 Response to market & policy 

uncertainties 
(+) Maximize 

 Storage cost for feedstock (-) Minimize 

 Storage cost for produced biofuel (-) Minimize 

 Annual investments (Maintenance) (-) Minimize 

 Energy saving (+) Maximize 

 Biomass availability (Now) (+) Maximize 

 Operation efficiency (+) Maximize 

 Policy & regulations (+) Maximize 

 Number of jobs offered (+) Maximize 

- Identify the FPUs sizes: Three FPU sizes were identified as the solution alternatives (Fawzy & 

Componation, 2015a). These three unit sizes with their capacities of biomass consumption are 

shown in Table 6.5. 

Table 6.5. Decision alternatives 

# Alternatives Consumption capacities 

1 Large FPU Consumes ≥ 2000 tpd of biomass 

2 Medium FPU Consumes between 200 – 500 tpd of biomass 

3 Small FPU Consumes ≤ 50 tpd of biomass 
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- Create the DM matrix: The last step before data collection was to frame the problem. Table 

6.6 shows the matrix that was structured for the problem. The first column in the matrix 

contains the list of 18 criteria. The second column stores the average values of the SME 

evaluations for weights on each requirement, while the last three columns store the average 

values of all SME evaluations for each FPU at each requirement using the Pugh Concept 

Selection Matrix.  

Table 6.6. Decision criteria and goals  

Requirements 

R
eq

u
ir

em
en

t 
w

ei
g

h
t Alternatives (FPU size) 

Evaluations average 
Pugh selection matrix: 

Feedstock inputs (tpd) 

≥
 2

0
0

0
 t

p
d
 

(b
as

e)
 

2
0

0
 –

 5
0
0

 

tp
d
 

≤
 5

0
 t

p
d
 

 CO2 emission     

 Resources saving     

 Design cost     

 Capital cost (Including Equipment)     

 Equipment cost     

 Labor cost     

 Production cost in the facility     

 Materials cost (Feedstock)     

 Transportation cost for feedstock     

 Response to market & policy uncertainties     

 Storage cost for feedstock     

 Storage cost for produced biofuel     

 Annual investments (Maintenance)     

 Energy saving     

 Biomass availability (Now)     

 Operation efficiency     

 Policy & regulations     

 Number of jobs offered     

SME interviews and data collection were conducted through two steps. First, SMEs 

evaluated the requirements; second, SMEs evaluated the alternatives.  



114 

 

 

- Evaluate the identified requirements: The SMEs placed each requirement in one of three 

groups: High importance, medium importance, and low importance. Then, the requirements 

weights were calculated using Equation 6.1; results are shown in Table 6.7. Next, the raw 

data from performance of each FPU was compared against the base case. Finally, an average 

value of the ten SMEs was obtained using their evaluations for each requirement using 

Equation 6.2 (results given in Table 6.8).   

Table 6.7. Requirements' evaluations and weights 

Requirements 

SMEs evaluation 

for requirements' 

importance 

R
eq

u
ir

em
en

t 
w

ei
g

h
t 

H M L 

N
o

 a
n

sw
er

 

 CO2 emission 4 4 2 0 2.20 

 Resources saving 5 4 1 0 2.40 

 Design cost 4 4 2 0 2.20 

 Capital cost (Including Equipment) 9 1 0 0 2.90 

 Equipment cost 7 2 1 0 2.60 

 Labor cost 2 2 6 0 1.60 

 Production cost in the facility 7 3 0 0 2.70 

 Materials cost (Feedstock) 7 3 0 0 2.70 

 Transportation cost for feedstock 5 2 2 1 2.33 

 Response to market & policy uncertainties 7 2 1 0 2.60 

 Storage cost for feedstock 3 5 2 0 2.10 

 Storage cost for produced biofuel 4 1 4 1 2.00 

 Annual investments (Maintenance) 6 4 0 0 2.60 

 Energy saving 3 6 1 0 2.20 

 Biomass availability (Now) 6 3 1 0 2.50 

 Operation efficiency 4 6 0 0 2.40 

 Policy & regulations 6 4 0 0 2.60 

 Number of jobs offered 2 4 4 0 1.80 

- Evaluate FPU sizes using Pugh Concept Selected Matrix: The SMEs evaluated the small and 

medium unit sizes in comparison with the large unit. Each SME evaluated the FPUs against 
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each individual requirement using the Pugh Concept Selection matrix as a DM tool. Then, the 

average value of the ten SMEs was calculated using Equation 6.2 as shown in Table 6.8. 

                       Avg. of requirement's scores = 
∑     
  
   

                    
                                     (6.2) 

Table 6.8. SMEs average evaluations using Pugh Concept Selection Matrix. 

Requirements 

R
eq

u
ir

em
en

t 
w

ei
g

h
t Alternatives (FPU size) 

Evaluations average 
Pugh selection matrix: 

Feedstock inputs (tpd) 

≥
 2

0
0

0
 t

p
d

 

(b
as

e)
 

2
0

0
 –

 5
0
0

 

tp
d
 

≤
 5

0
 t

p
d
 

 CO2 emission 2.2 0 0.111 -0.444 

 Resources saving 2.4 0 0.125 -0.125 

 Design cost 2.2 0 0.333 0.778 

 Capital cost (Including Equipment) 2.9 0 -0.700 -1.300 

 Equipment cost 2.6 0 -0.5 -1.200 

 Labor cost 1.6 0 -0.7 -1.100 

 Production cost in the facility 2.7 0 -0.444 -0.889 

 Materials cost (Feedstock) 2.7 0 0.400 0.700 

 Transportation cost for feedstock 2.3 0 1.111 2.000 

 Response to market & policy uncertainties 2.6 0 0.556 0.889 

 Storage cost for feedstock 2.1 0 0.500 0.900 

 Storage cost for produced biofuel 2.0 0 -0.222 -0.333 

 Annual investments (Maintenance) 2.6 0 0.300 0.100 

 Energy saving 2.2 0 -0.500 -0.700 

 Biomass availability (Now) 2.5 0 0.800 1.400 

 Operation efficiency 2.4 0 -0.500 -0.600 

 Policy & regulations 2.6 0 -0.125 0.250 

 Number of jobs offered 1.8 0 1.000 1.700 

  The fourth and fifth tasks in this research were to solve the problem using two DM 

tools: WSM and TOPSIS. The inputs for these two tools were the collected data from previous 

tasks in Pugh Matrix (Table 6.8).  

For solving the problem using WSM, Equation 6.3 was used for calculating the 

requirements scores for each FPU (see Table 6.9 for a summary of the results).  
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           Requirement's score = Avg. of requirement's scores * Requirement's weight           (6.3) 

Then, the total score for each FPU was calculated using Equation 6.4 (see Table 6.9). 

                                                     FPU’s score = 
18

1

(  )i

i

Requirement score


                                (6.4) 

Table 6.9. Requirements and alternatives final weighted scores 

Requirements 

R
eq

u
ir

em
en

t 
w

ei
g

h
t Alternatives (FPU size) 

Evaluations average 
Pugh selection matrix: 

Feedstock inputs (tpd) 

Alternatives (FPU size) 

Weighted scores 
Pugh selection matrix: 

Feedstock inputs (tpd) 

≥
 2

0
0

0
 t

p
d

 

(b
as

e)
 

2
0

0
 –

 5
0
0

 

tp
d
 

≤
 5

0
 t

p
d
 

≥
 2

0
0

0
 t

p
d

 

(b
as

e)
 

2
0

0
 –

 5
0
0

 

tp
d
 

≤
 5

0
 t

p
d
 

 CO2 emission 2.2 0 0.111 -0.444 0 0.244 -0.978 

 Resources saving 2.4 0 0.125 -0.125 0 0.300 -0.300 

 Design cost 2.2 0 0.333 0.778 0 0.733 1.711 

 Capital cost (Including Equipment) 2.9 0 -0.700 -1.300 0 -2.030 -3.770 

 Equipment cost 2.6 0 -0.5 -1.200 0 -1.300 -3.120 

 Labor cost 1.6 0 -0.7 -1.100 0 -1.120 -1.760 

 Production cost in the facility 2.7 0 -0.444 -0.889 0 -1.200 -2.400 

 Materials cost (Feedstock) 2.7 0 0.400 0.700 0 1.080 1.890 

 Transportation cost for feedstock 2.3 0 1.111 2.000 0 2.593 4.667 

 Response to market & policy uncertainties 2.6 0 0.556 0.889 0 1.444 2.311 

 Storage cost for feedstock 2.1 0 0.500 0.900 0 1.050 1.890 

 Storage cost for produced biofuel 2.0 0 -0.222 -0.333 0 -0.444 -0.667 

 Annual investments (Maintenance) 2.6 0 0.300 0.100 0 0.780 0.260 

 Energy saving 2.2 0 -0.500 -0.700 0 -1.100 -1.540 

 Biomass availability (Now) 2.5 0 0.800 1.400 0 2.000 3.500 

 Operation efficiency 2.4 0 -0.500 -0.600 0 -1.200 -1.440 

 Policy & regulations 2.6 0 -0.125 0.250 0 -0.325 0.650 

 Number of jobs offered 1.8 0 1.000 1.700 0 1.800 3.060 

Final Scores: 0 3.305 3.964 

From Table 6.9 we see that because the large FPU is the base case for Pugh Concept 

Selection Matrix, all the requirements scores for this FPU are equal to zero. The medium FPU 

has a total score equal to 3.305. The small FPU has the highest total score, equal to 3.964.  

The last step in WSM was to normalize the requirements weights and recalculate the 

alternatives scores to select the best alternative. The weights were normalized using Equation 
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6.5. After that, the model was re-run, and Equation 6.4 was used to calculate the alternatives’ 

total scores. Finally, the FPU with the highest score is selected as the best alternative (Table 

6.10). 

          FPU's score normalization = ∑ (
                   

∑                    
  
   

)  
                             (6.5) 

Table 6.10. Requirements and alternatives final normalized scores 

Requirements 

N
o

rm
al

iz
ed

 w
ei

g
h

t 

Alternatives (FPU size) 

Normalized scores 

Pugh selection matrix: 

Feedstock inputs (tpd) 

≥
 2

0
0

0
 t

p
d
 

(b
as

e)
 

2
0

0
 –

 5
0
0
 

tp
d
 

≤
 5

0
 t

p
d
 

 CO2 emission 0.06 0 0.006 -0.023 

 Resources saving 0.06 0 0.007 -0.007 

 Design cost 0.06 0 0.017 0.040 

 Capital cost (Including Equipment) 0.08 0 -0.048 -0.089 

 Equipment cost 0.06 0 -0.031 -0.074 

 Labor cost 0.04 0 -0.026 -0.042 

 Production cost in the facility 0.07 0 -0.028 -0.057 

 Materials cost (Feedstock) 0.07 0 0.025 0.045 

 Transportation cost for feedstock 0.06 0 0.061 0.110 

 Response to market & policy uncertainties 0.07 0 0.034 0.054 

 Storage cost for feedstock 0.05 0 0.025 0.045 

 Storage cost for produced biofuel 0.05 0 -0.010 -0.016 

 Annual investments (Maintenance) 0.07 0 0.018 0.006 

 Energy saving 0.06 0 -0.026 -0.036 

 Biomass availability (Now) 0.07 0 0.047 0.082 

 Operation efficiency 0.06 0 -0.028 -0.034 

 Policy & regulations 0.07 0 -0.008 0.015 
 Number of jobs offered 0.05 0 0.042 0.072 

Final Scores: 1 0 0.078 0.093 

As shown in Table 6.10, the large FPU has a total score equal to zero. The medium FPU 

has a total score equal to 0.078. Finally, the small FPU has the highest score total equal to 0.093. 

The small unit is 9.3% better than the big FPU. In conclusion, by using WSM, the small FPU is 

recommended as the best alternative that fits the stakeholders’ requirements. 
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Next, the problem was solved using TOPSIS. Similar to WSM, Equations 6.2 through 6.4 

were applied for the TOPSIS method. Tables 6.5 through 6.8 also show the application of 

Equations 6.2 through 6.4 for the TOPSIS method and the obtained results. Then, both positive 

and negative ideal solutions are determined respectively (see Table 6.11). Similar to WSM, the 

total score for each FPU including the positive and negative ideal solutions was calculated using 

Equation 6.4 (see Table 6.11). 

Table 6.11. Positive and negative ideal solutions calculations with all alternatives final scores 

Requirements 

R
eq

u
ir

em
en

t 
w
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g

h
t Alternatives (FPU size) 

Evaluations average 
Pugh selection matrix: 

Feedstock inputs (tpd) 

Alternatives (FPU size) 

Weighted scores 
Pugh selection matrix: 

Feedstock inputs (tpd) 
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0
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 CO2 emission 2.2 -0.444 0 0.111 -0.444 0.111 -0.978 0 0.244 -0.978 0.244 

 Resources saving 2.4 -0.125 0 0.125 -0.125 0.125 -0.300 0 0.300 -0.300 0.300 

 Design cost 2.2 0 0 0.333 0.778 0.778 0 0 0.733 1.711 1.711 

 Capital cost (Including Equipment) 2.9 -1.300 0 -0.700 -1.300 0 -3.770 0 -2.030 -3.770 0 

 Equipment cost 2.6 -1.200 0 -0.5 -1.200 0 -3.120 0 -1.300 -3.120 0 

 Labor cost 1.6 -1.100 0 -0.7 -1.100 0 -1.760 0 -1.120 -1.760 0 

 Production cost in the facility 2.7 -0.889 0 -0.444 -0.889 0 -2.400 0 -1.200 -2.400 0 

 Materials cost (Feedstock) 2.7 0 0 0.400 0.700 0.700 0 0 1.080 1.890 1.890 

 Transportation cost for feedstock 2.3 0 0 1.111 2.000 2.000 0 0 2.593 4.667 4.667 

 Response to market & policy uncertainties 2.6 0 0 0.556 0.889 0.889 0 0 1.444 2.311 2.311 

 Storage cost for feedstock 2.1 0 0 0.500 0.900 0.900 0 0 1.050 1.890 1.890 

 Storage cost for produced biofuel 2.0 -0.333 0 -0.222 -0.333 0 -0.667 0 -0.444 -0.667 0 

 Annual investments (Maintenance) 2.6 0 0 0.300 0.100 0.300 0 0 0.780 0.260 0.780 

 Energy saving 2.2 -0.700 0 -0.500 -0.700 0 -1.540 0 -1.100 -1.540 0 

 Biomass availability (Now) 2.5 0 0 0.800 1.400 1.400 0 0 2.000 3.500 3.500 

 Operation efficiency 2.4 -0.600 0 -0.500 -0.600 0 -1.440 0 -1.200 -1.440 0 

 Policy & regulations 2.6 -0.125 0 -0.125 0.250 0.250 -0.325 0 -0.325 0.650 0.650 

 Number of jobs offered 1.8 0 0 1.000 1.700 1.700 0 0 1.800 3.060 3.060 

Final Scores: -16.299 0 3.305 3.964 21.003 

From Table 6.11 we see that the positive ideal solution has a total score equal to 21.003 

and the negative ideal solution has a total score equal to -16.299. The large FPU has a total score 
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equal to zero as in previous method, because it is the base case. The medium FPU has a total 

score equal to 3.305. Finally, the small FPU has a total score equal to 3.964. Therefore, the small 

FPU has the highest total score after the positive ideal solution. 

Then, similar to the WSM method, Equation 6.5 is used to normalize the weights. Next, 

the model was re-run to calculate the final scores using Equation 6.4 (see Table 6.12).  

Table 6.12. Requirements and alternatives final normalized scores for TOPSIS tool 

Requirements 
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Alternatives ( FPU size) 

Normalized scores 

Pugh selection matrix: 

Feedstock inputs (tpd) 
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 CO2 emission 0.06 -0.023 0 0.006 -0.023 0.006 

 Resources saving 0.06 -0.007 0 0.007 -0.007 0.007 

 Design cost 0.06 0 0 0.017 0.040 0.040 

 Capital cost (Including Equipment) 0.08 -0.089 0 -0.048 -0.089 0 

 Equipment cost 0.06 -0.073 0 -0.031 -0.074 0 

 Labor cost 0.04 -0.042 0 -0.026 -0.042 0 

 Production cost in the facility 0.07 -0.057 0 -0.028 -0.057 0 

 Materials cost (Feedstock) 0.07 0 0 0.025 0.045 0.045 

 Transportation cost for feedstock 0.06 0 0 0.061 0.110 0.110 

 Response to market & policy uncertainties 0.07 0 0 0.034 0.054 0.054 

 Storage cost for feedstock 0.05 0 0 0.025 0.045 0.045 

 Storage cost for produced biofuel 0.05 -0.016 0 -0.010 -0.016 0 

 Annual investments (Maintenance) 0.07 0 0 0.018 0.006 0.018 

 Energy saving 0.06 -0.036 0 -0.026 -0.036 0 

 Biomass availability (Now) 0.07 0 0 0.047 0.082 0.082 

 Operation efficiency 0.06 -0.034 0 -0.028 -0.034 0 

 Policy & regulations 0.07 -0.008 0 -0.008 0.015 0.015 

 Number of jobs offered 0.05 0 0 0.042 0.072 0.072 

Final Scores: 1 -0.384 0 0.078 0.093 0.495 

After the normalization, the positive ideal solution has a total score equal to 0.495. The 

negative ideal solution has a total score equal to -0.384. The large FPU has a total score equal to 

zero. The medium FPU has a total score equal to 0.078. Finally, the small FPU has a total score 
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equal to 0.093. From Table 6.12 we can conclude that, theoretically, the best option, which meets 

all stakeholders requirements, is the positive ideal solution which is better than the large FPU by 

49.5%; better than the medium FPU by 41.7%; and better than the small FPU by 40.2%. In 

addition, the difference between the medium and small FPUs is equal to 1.5%. 

After that, the distance (Dij+) between each target alternative (i) and the positive ideal 

solution j+ was calculated using Equation 6.6 (see Table 6.13). 

                                                      Dij+ = √∑ (        ) 
 
                                       (6.6) 

Table 6.13. Distance (Dij+) between alternatives and the positive ideal solution 

Requirements 

The distance (Dij+) between the target 

alternative i and the positive ideal (j+)  

≥ 2000 tpd 200 – 500 tpd ≤ 50 tpd 
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-)

- 
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_
ij

)2
  

 CO2 emission 0.006 0.000 0.000 0.000 0.029 0.001 

 Resources saving 0.007 0.000 0.000 0.000 0.014 0.000 

 Design cost 0.040 0.002 0.023 0.001 0.000 0.000 

 Capital cost (Including Equipment) 0.000 0.000 0.048 0.002 0.089 0.008 

 Equipment cost 0.000 0.000 0.031 0.001 0.074 0.005 

 Labor cost 0.000 0.000 0.026 0.001 0.042 0.002 

 Production cost in the facility 0.000 0.000 0.028 0.001 0.057 0.003 

 Materials cost (Feedstock) 0.045 0.002 0.019 0.000 0.000 0.000 

 Transportation cost for feedstock 0.110 0.012 0.049 0.002 0.000 0.000 

   Response to market & policy uncertainties 0.054 0.003 0.020 0.000 0.000 0.000 

 Storage cost for feedstock 0.045 0.002 0.020 0.000 0.000 0.000 

 Storage cost for produced biofuel 0.000 0.000 0.010 0.000 0.016 0.000 

 Annual investments (Maintenance) 0.018 0.000 0.000 0.000 0.012 0.000 

 Energy saving 0.000 0.000 0.026 0.001 0.036 0.001 

 Biomass availability (Now) 0.082 0.007 0.035 0.001 0.000 0.000 

 Operation efficiency 0.000 0.000 0.028 0.001 0.034 0.001 

 Policy & regulations 0.015 0.000 0.023 0.001 0.000 0.000 

 Number of jobs offered 0.072 0.005 0.030 0.001 0.000 0.000 

∑ ((Vj+) - (Vij))
2 0.033314 0.013056 0.022112 

Dij+ = [∑ ((Vj+) - (Vij))
2]1/2 0.1825 0.1143 0.1487 
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Then, the distance (Dij-) between each target alternative (i) and the negative ideal (j-) is 

calculated using Equation 6.7 (see Table 6.14). 

                                                    Dij- = √∑ (        ) 
 
                                       (6.7) 

Table 6.14. Distance (Dij-) between alternatives and the negative ideal solution 

Requirements 

The distance (Dij-) between the target 

alternative i and the negative ideal (j-)  

≥ 2000 tpd 200 – 500 tpd ≤ 50 tpd 
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 CO2 emission -0.023 0.001 -0.029 0.001 0.000 0.000 

 Resources saving -0.007 0.000 -0.014 0.000 0.000 0.000 

 Design cost 0.000 0.000 -0.017 0.000 -0.040 0.002 

 Capital cost (Including Equipment) -0.089 0.008 -0.041 0.002 0.000 0.000 

 Equipment cost -0.073 0.005 -0.043 0.002 0.000 0.000 

 Labor cost -0.042 0.002 -0.015 0.000 0.000 0.000 

 Production cost in the facility -0.057 0.003 -0.028 0.001 0.000 0.000 

 Materials cost (Feedstock) 0.000 0.000 -0.025 0.001 -0.045 0.002 

 Transportation cost for feedstock 0.000 0.000 -0.061 0.004 -0.110 0.012 

   Response to market & policy uncertainties 0.000 0.000 -0.034 0.001 -0.054 0.003 

 Storage cost for feedstock 0.000 0.000 -0.025 0.001 -0.045 0.002 

 Storage cost for produced biofuel -0.016 0.000 -0.005 0.000 0.000 0.000 

 Annual investments (Maintenance) 0.000 0.000 -0.018 0.000 -0.006 0.000 

 Energy saving -0.036 0.001 -0.010 0.000 0.000 0.000 

 Biomass availability (Now) 0.000 0.000 -0.047 0.002 -0.082 0.007 

 Operation efficiency -0.034 0.001 -0.006 0.000 0.000 0.000 

 Policy & regulations -0.008 0.000 0.000 0.000 -0.023 0.001 

 Number of jobs offered 0.000 0.000 -0.042 0.002 -0.072 0.005 

∑ ((Vj-) - (Vij))
2  0.021553 0.016539 0.033224 

Dij- = [∑ ((Vj-) - (Vij))
2]1/2 0.1468 0.1286 0.1823 

Finally, the relative closeness (Cij+) between each target alternative (i) and the positive 

ideal solution j+ is calculated using Equation 6.8, and the FPU with the highest Cij+ score is 

selected as the best alternative (see Table 6.15). 
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      Cij+ = 
    

(            )
                          (6.8) 

Where  

Cij+ = 1 if and only if the alternative (i) has the best condition; and        

Cij+ = 0 if and only if the alternative (i) has the worst condition; and        

Table 6.15. Relative closeness values to the positive ideal solution 

FPU size Cij+ = 

≥ 2000 tpd 0.44578059 

200 – 500 tpd 0.529525153 

≤ 50 tpd 0.550718634 

Table 6.15 shows that the (Cij+) for the large FPU is equal to 0.4458; for the medium FPU 

it is equal to 0.5295; and for the small FPU it is equal to 0.5507. The small FPU has the closest 

value to the positive ideal solution. Therefore, a small FPU is recommended as the best 

alternative, using TOPSIS, which represents the nearest fit to the stakeholders' requirements. 

The last task in this research was to compare and discuss the results from WSM, TOPSIS, 

with the proposed integrated approach from prior work that solved the same problem (Fawzy, 

Componation, & Hu, 2015).  In the prior work, this decision problem was solved using an 

approach that integrates Pugh Concept Selection Matrix, WSM, and sensitivity analysis using 

Logical Decision® software. As a result for that work, the small FPU was recommended as the 

best alternative under limited conditions. From other work on a higher level analysis, the small 

FPU was recommended as the best alternative from all perspectives except the environmental 

perspective; from the environmental perspective, the medium FPU was recommended as the best 

alternative (Fawzy & Componation, 2015a).  

By comparing results from all three integrated approaches, we found that small FPU is 

recommended as the best alternative. All the approaches ranked the alternatives and could by 
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applied at different levels of analysis. On the other hand, each approach provides different 

insight into the problem. Table 6.16 summarizes all the similarities and differences between the 

implemented approaches; Table 6.16 also demonstrates the advantages and disadvantages of 

each approach from our point of view.   

Table 6. 16. Used DM Approaches Comparison, Advantages, and Disadvantages from the 

Researchers' Perspective 
 

 
DM tool / approach 

Pugh Concept + WSM Pugh Concept + TOPSIS 
Pugh Concept + WSM + sensitivity analysis 

using Logical Decision software 

R
es

u
lt

s 

S
im

il
ar

it
ie

s - Smallest FPU, consumes 50 tpd or less of biomass, is the best alternative 

- Medium FPU, consumes between 500 - 200 tpd, is the second best alternative with a close score to the smallest unit  

- Could be applied on different levels of interest (perspectives or requirements) 

- Show the alternatives order 

D
if

fe
re

n
ce

s - Shows that smallest FPU is better than 

the largest unit by 9.3 % 

- Shows that the medium unite it better 

than largest unit by 7.8% 

- Shows that positive ideal FPU 

is better than the largest unit by 

49.5% 

- Shows that negative ideal FPU 

is worse than the largest unit by 

38.4% 

- Recommends the smallest FPU as the 

best alternative, but under specific 

conditions at the requirements-level 

analysis (Fawzy, Componation, & 

Hu, 2015) 

- Recommends the medium FPU as the 

second best alternative based on the 

perspectives analysis (Fawzy & 

Componation, 2015a) 

D
is

cu
ss

io
n
 

A
d

v
an

ta
g

es
 - Easy and straightforward process 

- Need short time 

- Easy to explain to decision makers 

- Good for easy decision problems and 

some complex ones. 

- Illustrate the positive and 

negative ideal solution 

characteristics 

- Shows the problem importance 

to the decision makers, which 

may be because of the process 

complexity 

- Shows the distance between 

alternatives and their closeness 

to the positive ideal solution 

Help decision makers to discuss 

the possible alternatives to 

some extend 

- Easy to use 

- Easy to explain to decision makers 

- Shows the result robustness 

- Deep sensitivity analysis 

- Easy to modify the data of the 

weighting method 

- Show the closeness between 

alternatives by comparing utilities 

values 

- Shows the advantages and 

disadvantages of each alternative 

compare to others 

- Help decision makers to discuss the 

possible alternatives in depth 

- Looks like an integration between 

Pugh Concept and Logical Decision for 

both results and sensitivity analyses 
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D
is

ad
v

an
ta

g
es

 

- Sensitivity analysis is not a part of the 

process, but could be integrated 

- Cannot exam the result robustness 

- WSM cannot be used without 

integration with other tool for 

unstructured problems 

- Looks like a part of the other two 

approaches and need more analysis for 

such a complex problem 

- Very long process 

- Need a lot of time 

- Have a lot of calculation which 

require more concentration than 

other two approaches 

- Sensitivity analysis is not a part 

of the process, but could be 

integrated 

- Complicated and hard to 

explain to decision makers 

- TOPSIS cannot be used without 

integration with other tool for 

unstructured problems 

- First part could be accomplish using 

MS Excel easily, but the sensitivity 

analysis is longer and harder by using 

MS Excel 

In summary, this research was designed to accomplish six tasks. Out of the first task we 

determined that each DM tool has its advantages and disadvantages, and selecting the right tool 

to solve a particular problem is important. In some situations researchers selected multiple tools 

to provide additional insights about a problem. Therefore, the use of different tools helps better 

understand the complex problem, especially at this conceptual stage.  

The results for the first task indicated that some common DM tools, such as the Pugh 

Concept Selection Matrix, SMART, and TOPSIS, had been infrequently applied to the 

renewable energy and biofuel manufacturing industry. On the other hand, WSM, AHP, and 

ELECTRE are applied in this field individually and are integrated with other tools. In this 

research we decided to use WSM with the integration of Pugh Concept Selection Matrix as 

another approach to solve the problem. 

The second task summarized previous findings of stakeholders’ identification and 

assessment of perspectives and requirements for biofuel production (Fawzy & Componation, 

2014; Fawzy & Componation, 2015a; Fawzy, Componation, & Hu, 2015). The results for the 

third task were the requirements weights and FPUs sizes evaluation using the Pugh Concept 

Selection matrix. Finally, we compared the results and highlighted the advantages and 



125 

 

 

disadvantages of the approaches used in this work. From this comparison we found that all the 

used tools showed that the small FPU is the recommended. 

Conclusion 

By solving the case study problem using both WSM and TOPSIS tools with the 

integration of Pugh Matrix (fourth and fifth tasks) we found that the small FPU was 

recommended as the best option. This result was compatible with a result from a prior work that 

in which a  proposed integrated approach, which integrates the Pugh Concept Selection Matrix, 

WSM and sensitivity analysis using Logical Decision® software (version 7.2) was applied to the 

same problem (Fawzy, Componation, & Hu, 2015).  

We concluded that all different approaches used lead to the same recommendation. The 

integrated approaches explained the recommended FPU size as well as the criteria limitations for 

this decision. The research addressed the advantages of using sensitivity analysis to explain the 

robustness of a recommendation, which had been accomplished as a part of the proposed 

approach in prior work using Logical Decision® software (version 7.2).  

To our knowledge, there is no evidence in the existing literature that an investigation of 

the optimal design specifications in biofuel production has been performed. Therefore, this 

research introduces the application of the Pugh Concept Selection Matrix and TOPSIS as a 

significant contribution. A major contribution of the analysis performed in this paper came from 

the TOPSIS results, in which the characteristics of the theoretical optimal design for FPU 

manufacturing is identified by the positive ideal solution. In addition, this research identified the 

negative ideal solution that presented the worst characteristics that FPU designers could avoid in 

the design stage.    



126 

 

 

In conclusion, it was observed that each DM tools has its limitations, but the integration 

of tools has the benefit of complementing each other, since each DM tool has strengths and 

weaknesses. We believe that this problem cannot be solved without the integration of at least two 

DM tools, due to the uncertainty surrounding the decision problem and the lack of available 

information.  

Pugh Concept Selection Matrix seems to be a good tool for qualitative data collection, 

especially for new complex problems. It follows a straightforward process and it is easy to 

explain to decision makers. Its integration with WSM or TOPSIS created good approaches to 

solve this type of problem as an initial investigation. However, it is not a strong tool to provide a 

final decision for a complex problem without the integration with other tools. 

WSM appears to be easy to use, and to explain to decision makers, and it is not time-

consuming. In addition, it seems to be very good for easy decision problems, as well as some 

complex problems. On the other hand, WSM does not examine the result robustness. Although 

sensitivity analysis is not a part of the process of WSM, it could be integrated with WSM. In 

other words, we believe that WSM cannot be used without integration with other tool(s) to solve 

unstructured complex problems. First four steps of both TOPSIS and the proposed integrated 

approach, till scores calculation, are the identical steps of WSM method. Using either WSM or 

TOPSIS alone is not sufficient for this complex problem. Even with having the recommended 

FPU, more analysis is needs to understand the problem insights and the recommendation 

dimensions. 

Due to the process complexity of TOPSIS, this tool can give decision makers the 

impression that the decision problem is important. It illustrates the positive and negative ideal 

solutions characteristics. It also shows the distance between alternatives and their closeness to 
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the positive ideal solution that help decision makers to discuss the possible alternatives. 

Nevertheless, this tool requires a very long process that is time-consuming due to the numerous 

calculations involved. Also, it appears more complicated than WSM and is harder to explain to 

decision makers. Similar to WSM, sensitivity analysis is not inherently part of the process, but it 

could be integrated with it. Furthermore, TOPSIS cannot be used without the integration with 

other tool(s), such as Pugh Matrix, for solving unstructured problems.  

The proposed integrated approach, which integrates Pugh Concept Selection Matrix, 

WSM, and sensitivity analysis using Logical Decision® software, also has its advantages and 

disadvantages. Similar to WSM, the first part of this approach is easy to use and explain to 

decision makers. Moreover, it is easy to modify data and use different weighting methods. This 

approach shows the result robustness with deep sensitivity analysis. In addition, it illustrates the 

closeness between alternatives by comparing utility values. In addition, this approach shows the 

advantages and disadvantages of each alternative in comparison to other alternatives. This 

approach helps decision makers to discuss the possible alternatives in depth. Overall, it seems 

that the integration between Pugh Matrix, WSM, and Logical Decision® software for results 

followed by sensitivity analysis enables good DM under lack of information and uncertainty 

conditions. In contrast to the first part of this approach that could be accomplished using MS 

Excel easily, the sensitivity analysis would benefit from the application of dedicated-purpose 

decision analysis software. 

Although a lack of quantitative data may affect the accuracy of results at this conceptual 

stage of biofuel units manufacturing, the qualitative data collected from SMEs in the field with 

different backgrounds is sufficient to represent the five BPS perspectives. However, we found 

that collecting data using interviews is labor-intensive. In addition, using interviews may limit 
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the size of collected data, yet it gave us the ability to have more in-depth information and better 

communication for data collection, which is helpful for the conceptual and theoretical decision 

phase.  

In the future, instead of the SME evaluation using Pugh Matrix for comparative purposes, 

other weighting methods could be used to solve the problem utilizing the proposed approach. 

Future work could also involve employing other DM tools in this problem or similar decision 

problems in the biofuel manufacturing industry to examine their application. In addition, future 

work could test the FPU size decision by involving wider stakeholder inputs. The proposed 

approach, like other used approaches, could be applied to different levels of interest, i.e. 

perspectives or requirements. 

As a venue for future work, a web-based system could be developed for the proposed 

integrated approach to support DM processes for solving decision problems in renewable energy 

industry. This web-based decision support system could also evaluate future unit sizes for biofuel 

manufacturing with updated information. 

This research evaluated three FPUs using different DM tools to select the best biofuel 

production strategy that meets stakeholders’ requirements. The most appropriate strategy is 

found to be building multiple small FPUs, which consumes at most 50 tpd of biomass. The use 

of integrated sets of DM tools developed better understanding of the different available 

alternatives. This research extended the application of the Pugh Matrix and TOPSIS in the 

renewable energy field. 
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CHAPTER 7. GENERAL CONCLUSIONS 

 

In conclusion, this dissertation accomplished four tasks: (1) identify biofuel 

production's stakeholders, (2) identify their perspectives and requirements, (3) assess the 

biofuel production system to recommend the best FPU based on the stakeholders needs, and 

(4) investigate the application of different DM tools to solve the problem. The first three tasks 

represent the phases of a proposed framework to develop a system-oriented approach for the 

manufacturing, placement, and right sizing of a FPUs manufacturing infrastructure. The fourth 

task aims to investigate different DM approaches to recommend the best FPU. Managerial 

insights have been derived based on different utilized DM tools.  

This dissertation addresses the following research questions: (1) What are the most 

common applied DM approaches in this field, (2) What are the evaluation criteria (perspectives 

& requirements) for this industry, (3) Can a better understanding of the solution space for the 

biofuel production problem be gained by using multiple decision-making approaches, and (4) 

What is the most appropriate biofuel production strategy based on our current understanding of 

stakeholders' needs. 

Given the numerous factors that need to be taken into account, this decision problem is 

classified as a complex DM problem. This decision problem has a diverse group of BPS 

involved in the biofuel DM process; each group has a specific objective, perspective, and a list 

of requirements. Complexity usually increases when there are multiple stakeholders involved 

in the decision (Grunig & Kuhn, 2013). In addition, three different alternatives are evaluated 
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for their best fit of the BPS needs, which made the decision makers face many alternatives. 

Also, decision problems that can be described as “complex” are often considered to be 

“unstructured” (Simon & Newell, 1958). Furthermore, due to the novelty of the topic and the 

lack of information, this problem is characterized by uncertainty.  The topic is novel because 

research to better understand biofuel stakeholders is not well developed and a consensus on 

stakeholder requirements has not been reached. The uncertainty is caused by the lack of 

consensus and the immaturity of the biofuel technologies. Therefore, this problem is classified  

as an uncertain unstructured complex problem. 

The biofuel production system assessment and the best FPU recommendation 

accomplished first by proposing an integrated DM approach that incorporates Pugh Matrix, 

WSM, and sensitivity analysis using Logical Decision® software. Then, WSM and TOPSIS 

were integrated with Pugh Matrix as two other approaches to assess the biofuel production 

system.  

This study started by proposing a system-oriented approach to be accomplished through 

six consecutive phases. These phases are:  

- Identification of biofuel production's stakeholder. 

- Identification of their perspectives and requirements. 

- Assessment of biofuel production systems. 

- Application of process controls strategies. 

- Application of advanced manufacturing technologies. 

- Modeling and simulation of the biofuel production facilities. 



131 

 

 

This dissertation aims to investigate the first three phases in four research studies as 

detailed in chapters 2 through 6. The other three phases, phases 4 through 6, are reserved as 

future research directions. 

As an outcome of the first three phases mentioned above, 36 groups of BPS are 

identified as decision makers. A total of 31 unique requirements were identified from the 

groups, and a subset of 18 requirements was selected for this study based on their frequency in 

previous research in the field. The 18 requirements were then grouped into 5 different 

perspectives, including economic, environmental, technical, social, and legal. Economic 

criteria are generated, namely, the capital cost, equipment cost, production cost, design cost, 

labor cost, materials cost, transportation cost for feedstock, unit flexibility (response to market 

& policy uncertainties), annual investments (maintenance), storage cost for feedstock, and 

storage cost for produced biofuel. Environmental criteria include the CO2 emission and 

resources saving. For technology, criteria are generated to reflect energy saving, biomass 

availability, and operation efficiency. Social requirement represented the number of jobs 

offered in this facility. Finally, the legal criterion reflects policy & regulations. It is necessary 

to reach a balance between all perspectives and requirements in appropriate ways while 

making the decision. 

There are two novel and significant contributions from this research. First is the use of 

a comprehensive set of BPS requirements and perspectives to study biofuel production. Second 

is the use of an integrated set of DM tools to develop a better understanding of the different 

biofuel production solutions that are currently available. 

While there is a significant body of work on technological advances to improve 

production of biofuel, only limited work has been completed on understanding stakeholders. 



132 

 

 

This research found that most prior work only looked at individual or a small set of 

requirements.  The comprehensive literature review and work with SMEs allowed the 

development of a broader understanding of the different and often conflicting requirements. 

The grouping of similar requirements into perspectives helped clarify some of the issues 

related to biofuel production, in particular the tradeoffs between the economic and 

environmental perspectives. Often biofuel production approaches that are desirable from one 

perspective are less so from other perspectives. This is also a challenge because of the limited 

data available to understand how these requirements are met. The challenge is compounded by 

the mix of quantitative and qualitative data used to measure performance of biofuel production 

against these requirements.   

One significant advantage in the research approach used was the inclusion of a team of 

SMEs to review and assess the requirements list. Published research tends to lag state of the art 

in any field. SMEs were able to clarify and at times point out future trends that published 

research had not fully identified. SMEs were also a critical part of the assessment process. 

They validated the research procedures and validated the data collection instrument.   

A limited set of DM tools has been used in renewable energy research. DM can become 

a powerful tool to analyze sustainable energy system (Wang, Jing, Zhang, & Zhao, 2009).  

This research identified what DM tools have been used in renewable energy, and then 

identified what the advantages and disadvantages of each approach are.  Some common DM 

tools, such as the Pugh Concept Selection Matrix, SMART, and TOPSIS, had not been used 

widely in the renewable energy and biofuel industries. WSM, AHP, and ELECTRE have been 

widely applied in this field, individually and with integrations with other tools. To gain a better 
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understanding of biofuel production this research used a set DM tools individually and paired 

together. 

DM in the early stages of a product’s life cycle is difficult because there is limited data. 

This research showed that the Pugh Concept Selection Matrix was an effective approach to 

deal with the complexity and uncertainty commonly found early in product development, in 

particular in the conceptual design phase. The use of the WSM was also found to be effective 

and in particular when combined with a sensitivity analysis.  The sensitivity analysis helped 

illustrate how changes in BPS requirement priorities could affect the selection of a 

recommended biofuel production approach.  The different recommendations that were 

presented when economic or environmental requirements were prioritized helped illustrate the 

dissuasions often seen in the media and from prior research. 

Further work using the Pugh Concept Selection Matrix in combination with WSM and 

then with TOPSIS helped clarify the solution space by identifying biofuel production strategies 

that were most effective at meeting the majority of BPS requirements and perspectives. 

TOPSIS in particular helped identify how far current solutions are from a theatrical optimal 

solution.  

The methods presented in this work were found to be effective in structuring a complex 

decision and appear to be easily adaptable to a range of similar problems. Of particular value 

were the use of a team of SMEs in combination with a rigorous review of prior work, and the 

use of multiple DM tools to provide a better understanding of the problem solution space.  

The specific problem studied in this effort was the assessment of alternative biofuel 

production approaches.  Specifically, what FPU size should be recommended to meet BPS 

requirements.  The FPUs selected, 2,000 tpd, 200 to 500 tpd, and 50 tpd, represented the most 
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commonly produced units in the market currently. The application of the DM tools 

individually and in combination showed that in the majority of cases the small FPU, 50 tpd, 

was the most effective in meeting the majority of BPS requirements. Significant variances in 

requirement priorities could change the recommendation. The changes would need to be 

significant. The importance of understanding all stakeholder requirements and selecting a DM 

tool that was applicable to the problem had been found to be an important step.  

It was noticed that each DM tool had its limitations, but the integration of tools had the 

benefit of complementing each other since each DM tool has its strength and weaknesses. This 

problem is easier to solve with the integration of at least two DM tools.  

The data collection done through interviewing a group of SMEs in the field. It was 

extremely difficult to conduct these interviews in terms of time and effort. Scheduling the 

interviews was the most difficult part in the data collection, as the most experienced people in 

this area have a lot of duties and responsibilities due to their position. In addition, they usually 

have a lot of activities and frequent traveling schedules which made the interviews not an easy 

task for the interviewer. 

Researchers usually look to have a better design, but no one, up to our knowledge,  ever 

tried to investigate the optimal design specifications in biofuel production. On contrast, as a 

part of TOPSIS results, this research proposed the characteristics of the theoretical optimal 

design for FPUs manufacturing by identifying the positive ideal solution. In addition, this 

research identified the negative ideal solution that presented the worst characteristics those 

FPUs designers could avoid in the design stage.    

Even the lack of quantitative data may affect the result accuracy at this conceptual stage 

of biofuel units manufacturing, yet the qualitative data collected from SMEs in the field with 
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different backgrounds is sufficient to represent the five BPS perspectives. It is noticed that, 

collecting data using interviews is a labor intensive process. In addition, using interviews may 

have limited the size of collected data, yet it gave us the ability to have an in depth 

understanding of the problem and allowed better communication for data collection, which is 

helpful for conceptual and theoretical decisions phase.  

In the future, other weighting method could be used to solve the problem using the 

proposed approach instead of the SMEs evaluation using Pugh Concept Selection Matrix for 

comparative purposes. Future work could also involve employing other DM tools in this 

problem or similar decision problems in the biofuel manufacturing industry to examine their 

application. In addition, future work could test the FPU size decision by involving wider 

stakeholder inputs or including the most important potential requirements recommended by 

SMEs. The proposed approach, like other approaches, could be applied on different levels of 

interest i.e. perspectives or requirements. 

As a venue for future work, a web-based system could be developed for the proposed 

integrated approach to support DM processes for solving decision problems in renewable 

energy industry. This system could also evaluate future unit sizes for biofuel manufacturing 

with updated information. 
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