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CHAPTER 1: INTRODUCTION 

 

1.1 What are Biofuels? 

A biofuel is a liquid or gaseous fuel that is derived from biomass (Demibras, 2008). 

Biofuels can be produced in a variety of ways and can be classified in terms of 

conventional and advanced biofuels. Conventional biofuels include bio-ethanol and 

bio-diesel produced from traditional agricultural crops by established technologies. 

Advanced biofuels include second generation bio-ethanol and synthetic diesel 

produced from lignocellulosic biomass by developing technologies. The simplest 

(conventional) method for the manufacture of biodiesel is a chemical trans-

esterification process by which oils and fats are converted into fatty acid methyl ester 

(FAME). Most commercial production of biodiesel is based on vegetable oils such as 

palm oil, canola oil and soybeans. Bio-ethanol can be produced from any agricultural 

feedstock containing high concentrations of sugar or starch by fermentation, 

distillation and bio-ethanol purification. Common feedstocks used for the production 

of bio-ethanol include sugarcane, sugarbeet, sorghum and rye.  

 

Bio-ethanol and bio-diesel are increasingly being promoted as viable substitutes for 

conventional fossil fuels. They are compatible with current infrastructure and vehicle 

technology and have potential for fast introduction on a commercial scale. They are 

preferably used in low-percentage blends with conventional fuels because such blends 

do not require any modification in the present engines. 

 

Biofuels have been championed as an energy source that ensures energy security, 

reduces vehicle emissions and provides a new source of income to farmers. Following 
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Brazil’s footsteps, many countries have launched new programme to encourage 

production and use of biofuels. However, the claims of the potential benefits are now 

being contested (Malhi et al., 2008). Conventional biofuels are increasingly being 

regarded as a cause of deforestation and a threat to food security, thereby raising 

questions about their sustainability and viability (Doornbosch and Steenbilk, 2008). 

 

1.2 Relevance of Biofuels to Sustainability 

Biofuels are very efficient in lowering emissions of harmful pollutants, decreasing 

greenhouse gases and promoting other environmental advantages. Moreover, they 

also ensure increased energy security, decreased dependence on oil imports and 

increased employment. For instance, the sugarcane industry is the largest agro-based 

industry in India and it also happens to be the core of ethanol production. It employs 

around 45 million farmers that comprise almost 7.5% of the rural population 

(Gonsalves, 2002). 

 

Sweet sorghum is cultivated on over 29 million hectares of cultivable land in India. 

On an average, 1160 kg/ha of yield is obtained. Sugar cane, which is cultivated on 

relatively much smaller area, i.e. 4 million hectares, accounts for a yield of 65,000 

kg/ha that is greater than sweet sorghum. Sugar cane is the highest yielding crop used 

as biofuel in India. In India, the sugarcane molasses are fermented to form ethanol, an 

excellent biofuel which can be easily blended with petrol. Ethanol is gaining 

worldwide acceptance in the transportation sector. At the same time, biodiesel is 

being produced from Jatropha.  
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In their study, Gerbens-Leenes et al.(2008), reported that the Water Footprint of 

bioethanol was less than that of biodiesel. For generating electricity from the bio-

crops, it was found that maize and sugar cane were the most favourable crops whereas 

soybean and rapeseed were most favourable for producing biodiesel. 

 

While production of biofuels can potentially decrease the dependence on oil imports 

and ensure energy security, it can also lead to improved social well being especially in 

the rural areas of developing countries by providing rural employment, increasing the 

income of the farmers and permitting increased access to energy supplies.  

 

1.3 Can Biofuels be Sustainable? 

According to the Brundtland Commission of the United Nations (UN, 1987), 

sustainable development is development that meets the needs of the present without 

compromising the ability of future generations to meet their needs. As an extension of 

this, sustainability requires reconciliation of environmental, economic and social 

demands. Applying the concept of sustainability to biofuels, we must ensure that in 

order to be a viable alternative to fossil fuels, a biofuel should be able to provide net 

energy gain, have environmental benefits, be economically competitive and be 

producible in large quantities without reducing food supplies  

(Hill et al., 2006). The relative importance of the different environmental, economic 

and social facets of biofuel production varies depending on the specific biofuel crop 

being considered. Hence, the selection of a suitable biofuel requires a framework that 

allows different alternatives (such as biofuel crop options) to be consistently 

evaluated and compared (Robertson et al. 2008). The numerous stakeholders, such as 

farmers, engineers, economists, policy makers, and government agencies, have 
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different objectives, goals, criteria and viewpoints which too need to be reconciled 

(Phdungslip, 2009). Biofuel systems are complex, develop at different scales and 

involve a number of different market segments, supply chains, and stakeholders with 

different priorities and objectives that must be reconciled. This makes decision 

making pertaining to biofuel sustainability a slow, complex and difficult process as 

divergent views and interests of various stakeholders have to be taken into account 

before a final decision is made. Further, sustainability related decision making cannot 

be treated solely as an expert analysis; it necessarily needs to involve all the 

stakeholders and their varying perspectives (Elghali et al, 2007).  

 

1.4 Sustainability Related Decision Making 

Reconciling conflicting objectives and stakeholder priorities lies at the heart of 

sustainability related decision making. In order to provide support for sustainability 

related issues like biofuel production, a framework is needed which reconciles 

stakeholder viewpoints with quantitative data pertaining to various sustainability 

criteria. Such a framework is provided by Multi Criteria Decision Making (MCDM) 

in the form of Analytical Hierarchy Process (AHP) method.  

 

 The AHP is a MCDM approach that provides a sound mathematical basis for 

including both quantitative and qualitative attributes in terms of the numerical data 

and stakeholder judgments respectively. Further, AHP allows for the decomposition 

of a complicated problem using a hierarchy structure. AHP allows for the subjective 

evaluations that express the stakeholder‘s preferences for one decision parameter over 

another by pairwise comparisons using 1-9 ratio scale, known as the Saaty scale 

(Papalexandrou et al, 2008). This methodology allows for incorporation of uncertainty 
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which is inherent to the decision making process through the concept of a consistency 

ratio. The consistency ratio (CR) is taken as the ratio of the consistency of results 

being tested to the consistency of the same problem being evaluated with random 

numbers. If the CR is less than or equal to 0.1 then the pairwise comparisons and the 

priority weights thus obtained are sufficiently consistent and no further evaluation is 

needed. However if the CR is greater than 0.1, then the stakeholder preferences are 

not quantified sufficiently consistently and the preferences (expressed as pairwise 

comparisons) need to be re-evaluated (Alphonce, 1996). As a means of reconciling 

the multiple criteria capabilities of AHP, the methodology has further been augmented 

by incorporating fuzzy logic. Fuzzy logic is a form of multi-valued logic which allows 

for expression of the stakeholder’s preferences in terms of linguistic variables such as 

GOOD and the inclusion of imprecise data (which characterize the quantitative data 

pertaining to biofuel production). The combination of AHP and fuzzy logic in the 

form of Extent Analysis based Fuzzy Analytical Hierarchy Process (AHP) has been 

used in this research (Chang, 1996 and Wang et al, 2008). This allow for the inclusion 

of qualitative judgments, preferences of the stakeholders and quantitative data within 

the decision making process. 

 

1.5 Aims and Hypothesis 

The aim of this research is to provide stakeholders with a decision support system to 

help determine the most sustainable biofuel materials (crops) and to pinpoint the 

policies which will lead to the production of these crops. Specific aims in this study 

include developing software functionalities which: 
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• Allow for the inclusion of both tangible and non-tangible factors including 

expert opinions, stakeholders’ priorities and other non-quantifiable data. 

• Enable systematic evaluation of the alternative options. 

• Explore alternative options through the provision of sensitivity analysis to see 

the changes in the recommended option.  

• Provide a foundation for developing a combination of new policies and 

techniques which balances the environmental impact of biofuel production 

with economic viability. 

 

The research is based on the following hypotheses: 

 

• MCDM can positively contribute to the realization of policy design for 

effective biofuel systems and assist policy makers in determining the future of 

biofuel policies through the incorporation of AHP and its proposed fuzzy 

extension. 

• Fuzzy logic can directly impact the outcome of decision analysis, ensuring that 

the results of the software processing are specific, comprehensive, and include 

the relevant criteria. 

• The software system will provide support for policy design for sustainable 

biofuel production and processing throughout a diverse range of geographic, 

economic, political, social, and technological scenarios. 

 

As a practical means of achieving the aim of supporting stakeholder decision analysis, 

it has been decided to use the existing software Compendium (Compendium Institute, 
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2001) and extend it to allow for incorporation of stakeholder viewpoint and multi-

criteria decision making in the context of long term stakes.  

 

1.6.  Organisation of Chapters 

In order to detail the various components of this research, the Chapter outline is as 

follows: 

 

Chapter 2: Literature Review: Demonstrates the imperative nature of biofuel 

integration into the global energy scheme.  Also offers deeper empirical insight into 

the application of fuzzy set theory and role of MCDM (especially AHP) in 

sustainability related decision making. 

 

Chapter 3: Methodology: Brief description of the concepts (AHP, fuzzy set theory) 

that have been used to develop software functionalities which have been incorporated 

in the base software Compendium as means of extending its scope.  

 

Chapter 4: Software Descriptions: Describes the Compendium software: the design 

and working of the three functionalities (Options vs Fuzzy Criteria Matrix, AHP, 

Fuzzy AHP) that have been developed as the part of this research. 

 

Chapter 5: Option vs Fuzzy Criteria Matrix: Demonstrates the working of the Option 

vs Fuzzy Criteria Matrix through case studies pertaining to the Philippines crop cycle 

and the land resource management which are directly associated with sustainable 

harvesting of these commodity crops. 
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Chapter 6: Evaluating Land for Crop Cultivation Using Fuzzy Logic: To demonstrate 

and implement the concept of approaching degree described using fuzzy logic 

multifeature pattern recognition tool. The strength of the approach tested herein lies 

in integrating fuzzy logic in an important decision making tool for identifying 

appropriate land for cultivation of crops. 

 

Chapter 7: The AHP Case Study of Regions for Biofuel Crop Cultivation: 

Demonstrates the functionality of AHP implementation as a model of biofuel system 

design and crop optimization. Also highlights the mechanism for policy evaluation 

and cross-functional strategy design. 

 

Chapter 8: Scenario Planning for Sustainability Policy through AHP: Describes how 

the AHP functionality has been used to identify optimal crops both under the current 

scenario and in context of the desired future scenario. Further the Chapter provides a 

framework for identifying optimal decision policies though a case study based model.  

 

Chapter 9: Selecting Appropriate Biofuel Crop for Cultivation Using Fuzzy AHP: A 

case study model for land selection has been developed using the extent analysis 

based fuzzy AHP functionality. Apart from helping to identify the most robust option, 

this functionality also allows for the selection of optimal decision policies. Further, a 

framework has been provided to allow for scenario planning by enabling the testing of 

the possible impact of the selected decision policies on the future. 

 

Chapter 10: Result Analysis, Discussion and Conclusions: This Chapter concludes by 

summing up the findings obtained from the various case study models that have been 
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developed using the different functionalities of Options vs Fuzzy Criteria Matrix, 

Analytical Hierarchy Process and Fuzzy Analytical Hierarchy Process designed as a 

part of this research. These findings are compared with inferences drawn from the 

existing literature as a means of testing the validity of results and the robustness of the 

software functionalities. 
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CHAPTER 2:  LITERATURE REVIEW 

 

The following sections present a comprehensive literature review which evaluates a 

broad range of theory and research regarding biofuels, fuzzy logic, and MCDM.   

 

2.1. Biofuels Production Challenges 

Different agricultural crops can be grown for the production of biofuels. Popular 

biofuel components as identified by Demirbas (2008) include rapeseed, soybean, palm 

and sunflower which are used to manufacture biodiesel, in addition to wheat, maize, 

sugar beet, and potatoes which are used for manufacturing bioethanol. These biofuels 

are increasingly being promoted as a viable substitute for conventional fossil fuels 

(Papalexandrou et al. 2008). The perceived benefits of biofuels (reduction of GHG 

emissions and energy security) are reflected in an ever increasing number of countries 

introducing or planning to introduce policies to increase their proportional share of 

biofuels in energy production (Mol, 2007). As of 2007, biofuel production was 

estimated at 35 billion litres, accounting only for a small part (2%) of the 1200 billion 

litres of annual gasoline consumption worldwide. But the contribution of biofuels to 

energy supply is expected to grow fast and this would entail an increased diversion of 

agricultural crops for the purposes of biofuel production (Fraiture et al. 2007). 

 

Feedstocks used in current first-generation biofuel conversion technologies utilize 

conventional food and feed crops for producing biofuels. Depending on crop choice 

and management, agricultural intensification brought about by the increased biofuel 

demand can create significant environmental pressures on soil, water resources and 

biodiversity. The process of intensification, especially the use of agro-chemical inputs 
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(fertilizers, pesticides), may counteract the environmental sustainability goal of 

biofuel production (Fischer et al. 2009).  

 

Koh and Ghazoul (2008) estimated that a substantial increase in cultivated area for all 

major biodiesel feedstocks, including soybean in the US (33.3–45.3 million ha), 

sunflower seed in Russia (25.7–28.1 million ha) and oil palm in Malaysia (0.1–1.8 

million ha) will be needed to fulfil the increasing global demand for biofuels. 

Competition for scarce agricultural resources may increase prices of land, which may 

alter production costs and therefore affect the price of food and feed commodities 

(Fischer et al. 2009). This in turn could culminate in a possible increase in food 

prices.  For 2.7 billion people who live on less than one dollar a day, the effects of 

rising food prices will be catastrophic (Cassman, 2007). This is because extremely 

poor people spend more than 50% of their income on food and even a marginal 

increase in food prices can put food out of their reach. In 2007 and 2008, price 

increases of staple foods reached alarming proportions which triggered concerns of a 

global food crisis. During this period, export prices of wheat increased by 130%, rice 

by 98%, and corn by 38% (Rahman et al. 2008).Even though the underlying causes of 

rising food prices are many and complex, it has been argued that out of all these 

causes, the diversion of crops and crop land for biofuel production remains an 

important factor (Koh and Ghazoul, 2008). The use of corn to produce bioethanol in 

the US has increased from 6% of total corn production to 23% over the last three 

years (Rahman et al. 2008), and this has undoubtedly contributed to tightening food 

supplies and rising food prices. Keleman and Rano (2008) have argued that increased 

http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6V5X-4TFH2HH-1&_user=126524&_coverDate=10%2F31%2F2008&_rdoc=1&_fmt=high&_orig=search&_sort=d&_docanchor=&view=c&_searchStrId=1227824215&_rerunOrigin=scholar.google&_acct=C000010360&_version=1&_urlVersion=0&_userid=126524&md5=a0dc9646d63e6920bb862f66f3a5e728#bbib59
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6V5X-4TFH2HH-1&_user=126524&_coverDate=10%2F31%2F2008&_rdoc=1&_fmt=high&_orig=search&_sort=d&_docanchor=&view=c&_searchStrId=1227824215&_rerunOrigin=scholar.google&_acct=C000010360&_version=1&_urlVersion=0&_userid=126524&md5=a0dc9646d63e6920bb862f66f3a5e728#bib59
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demand for corn based ethanol was an important factor in Mexico’s 2007 “Tortilla 

Crisis1”.  

 

Besides food security, the increase in biofuel crops cultivation is also regarded as a 

potential cause of environmental pollution.  In 2008, there was over 12.7 kg of 

nitrogen and an additional 31.29 kg of phosphorus added per acre of soil for this 

farming process.  Of these additives, the IPCC suggested that nearly 20% is leached  

by runoff due to rainwater and irrigation (IPCC, 2006). 

 

Despite its many advantages over petroleum-based fuels, biofuel production and use 

may result in significant negative consequences for biodiversity which may further 

contribute to environmental degradation (Groom et al, 2007). Razing of lush tropical 

rainforest which destroys an extremely rich and biodiverse ecosystem, as seen in the 

case of the South East Asian palm oil (Scharlemann, 2008) is an example of the 

negative impact of biofuel production on biodiversity. Current plans for biofuel 

infrastructure expansion and integration could reduce the Amazon forest cover from 

5.4 million km2 (2001, 87% of original area) to 3.2 million km2 (53%) by 2050 (Malhi 

et al. 2008). However there are many different drivers to the deforestation of the 

Amazon (biofuel production being one of them) and the authors do not specify how 

much of this deforestation can be specifically be attributed to biofuel production.   

There is no doubt that, destruction of the tropical rainforests for the purpose of biofuel 

cultivation in both South East Asia and the Amazon threatens the survival of many 

endemic species of flora and fauna (Koh and Ghazoul, 2008). However, Koh and 

                                                           

1 Mid 2006 saw a spike in global petroleum prices. As a reaction to that, USA increased emphasis on corn based 
ethanol which in turn drove up the prices of maize significantly, the staple food crop of Mexico (Keleman and 
Rano, 2008). 
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Ghazoul have not provided substantial evidence to indicate how much of the 

destruction of the rainforests can be specifically attributed to biofuel demand and 

production.  

 

Biofuels themselves are considered carbon neutral. Hill et al. (2006) reported that 

soybean biodiesel would produce nearly 41% less greenhouse gas (GHG) emissions 

than diesel fuel, while corn grain ethanol would produce 12% less GHG emissions 

than gasoline. However, the lifecycle process is not carbon neutral, and often can 

release more carbon in inefficient systems than fossil fuels would have produced 

(Doornbosch and Steenbilk, 2008). For instance, Fargione et al. (2008) suggested that 

the consequences of land clearing in order to meet the global demands for biofuels 

would cause a substantial increase in the overall GHG emissions due to soil disruption 

and foliage clearing between 17 and 420 times the potential reductions predicted from 

these fuel sources.  

 

The world water system is already under heavy stress with agriculture taking a 70% 

share of world’s total water resources. The cultivation of biofuel crops is further 

expected to add to pressure on water resources, depending on the type of crop and 

region (FAO, 2008). In terms of irrigation water, the share is slightly higher because 

of the relatively large share of irrigated sugarcane in the biofuel mix; sugarcane has 

irrigation requirements of 800 mm/Ha (FAO, 2008). As opposed to agricultural 

energy crops, Jatropha can grow on marginal land with limited water requirements.  

 

If all national policies and plans for biofuels are successfully implemented, 180 km3 

of additional irrigation water withdrawals will be needed. Globally around 7130 km3 
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of water is evapotranspirated by crops per year, without accounting for biofuel crops 

(Molden et al. 2007a). Biofuel crops account for an additional 100 km3 (or around 

1%). Total irrigation withdrawals amount to 2,630 km3 per year globally (Fraiture et 

al. 2007) of which 44 km3 (or 2%) is used for biofuel crops. Although globally this is 

less than a few percentage points of the total water use, the impact for certain 

countries including China and India could be highly significant, for water resources, 

and with feedback into global grain markets. It is unlikely that fast growing 

economies such as China and India will be able to meet future food, feed and biofuel 

demand without substantially aggravating already existing water scarcity problems 

(Fraiture et al. 2007). 

 

This section has highlighted that much uncertainty and controversy surrounds biofuels 

as sustainable alternatives to fossil fuels and the current biofuel boom could quite 

rapidly be replaced by a bust. That is, the current biofuel production pathways could 

leave lasting negative consequences for the natural ecosystem but few lasting social 

benefits (Malhi et al. 2008). Hence, new strategies and policies must be implemented 

in order to meet global energy needs while reducing the overall impact of biofuels 

farming and production. In order to support the development of required policies and 

optimization methodologies, a decision support system is proposed that will make use 

of both MCDM (in the form of AHP) and fuzzy logic to investigate some of the 

aforementioned issues. 

 

2.2.  Multi Criteria Decision Making for Sustainability 

Decision makers are increasingly seeking to design environmental and development 

policies that will support sustainable development (of biofuels). To support their 
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efforts, practical tools are needed to formulate sustainable development policies and 

clear methods to assess their acceptability and effectiveness (Abaza and Baranzini, 

2002). One such tool is Multi Criteria Decision Making (MCDM). MCDM is aimed at 

supporting decision makers who are faced with making numerous and conflicting 

criteria. It aims at incorporating these criteria within the decision making process and 

deriving a way of reaching a compromise between them such that a suitable choices 

out of a number of options/alternatives may be selected. Further, MCDM is needed 

for decision-making for sustainability related policy design due to the complexity of 

issues and the inadequacies of conventional tools such as cost-benefit analysis (CBA), 

cost-effectiveness analysis (CEA) for capturing the full range of impacts of a policy 

or capital project (Browne et al.  2009). 

 

MCDM can be regarded as an operational evaluation and decision support approach 

that is suitable for addressing complex problems featuring high uncertainty, 

conflicting objectives, imprecise data and information, multiple interests and 

perspectives, and the accounting for complex and evolving biophysical and socio-

economic systems (Wang et al. 2009). However, MCDM does not facilitate the 

discovery of an ideal or optimum solution but allows for the creation and emergence 

of consensus around justified solutions or strategies. Furthermore, sustainability 

related policy formulation involves many value judgments regarding technical, socio-

economic and environmental issues and, therefore, reaching clear and unambiguous 

solutions may be difficult (Cavallaro and Ciraolo, 2005). 

 

The usefulness of MCDM to support decision making for questions concerning 

sustainable development, where conflicting objectives and multiple interest groups are 



16 

 

involved, has been increasingly acknowledged (Antunes and Oliveira 2004). Defining 

a sustainable development model for biofuel production requires reconciling of the 

objectives of economic prosperity, social issues and respect for the environment. 

Consideration of trade-offs between these conflicting parameters requires the 

prioritizing of various criteria and alternatives and the subsequent ranking of these 

alternatives as a first step towards establishing efficient policy strategies for biofuel 

sustainability (Tirado and Lopez, 2008). 

 

MCDA methods differ in the way the idea of multiple criteria are executed.. In 

particular each method has its own way of assessing criteria, the application and 

computation of weights, the mathematical algorithm utilised, the model to describe 

the system of preferences of the individual facing decision-making, the level of 

uncertainty embedded in the data set and the ability for stakeholders to participate in 

the process (De Montis et al. 2000). Numerous MCDM methodologies are presented 

in the literature which can be used to aid the decision making process such as 

ELECTRE, PROMETHEE, TOPSIS, AHP and Goal Programming.  

 

Goal Programming (GP) is less subjective than the other listed MCDM techniques, 

and it cannot handle qualitative data/elements (Ramanathan and Ganesh, 1995). This 

makes GP unsuitable as a standalone MCDM methodology for supporting 

sustainability related policy formulation as qualitative data and attributes are 

indispensable. Similarly, the Outranking Methods (comprising ELECTRE and 

PROMETHEE) represent preference information by the use of mathematical 

functions. This is rather complicated and difficult to explain to non specialists 

(Laukkanen et al. 2001). Therefore, outranking methods have been deemed to be less 
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suitable for use directly with stakeholders (Belton and Stewart, 2002). For all these 

reasons, Pohekar and Ramachandran (2004) have recommended AHP as a more 

robust MCDA technique for supporting sustainability related decision making. 

 

2.3.  Analytical Hierarchy Process 

Various researchers over the past decades have integrated the AHP methodology into 

the analysis of diverse systems and as decision making tools, the aim being to ensure 

that the end decisions and objectives are relevant. This is because AHP can 

decompose a large system into a framework in which a diversity of inter-related 

factors such as social, economic and environmental, may be included.  AHP helps to 

analyze the complex, mutual interactions, and impacts of the factors (Mei et al. 1989). 

AHP reflects the human way of thinking and hence provides a medium of 

communication between planners, decision makers, analysts, and researchers (Mei et 

al. 1989).   

 

In the context of making decisions regarding energy and fuel provision, Dyer and 

Foreman (1992) state that AHP has an advantage because it can accommodate 

tangible and non-tangible criteria, and allows for individual and group factors to be 

considered. Ease of comprehension and interpretability of the results is the most 

important quality of a MCDM method in cases where the participation of the 

stakeholders is required (Kangas et al. 2001). This facility is adequately provided in 

AHP. Larson (2007) shows that the AHP methodology has a great deal of value when 

considering sustainability in engineering related applications.  Poh and Ang (1999) 

demonstrated, in their study regarding energy options for Singapore that the ability of 

AHP to yield a hierarchy of results rather than one ‘best fit’ is vital because it allows 
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for the addition of complementary alternatives so it provides flexibility for future 

planning.  The methodology has also been applied by the Victoria Department of 

Primary Industries for over a decade and has produced more than 50 commodity-

based land suitability models which incorporated geographic criteria and participatory 

stakeholder inputs (Bishop et al. 2009).  

 

Specifically in the case of evaluation of biofuel sustainability, Dinh et al. (2009) used 

the AHP system to identify the which biofuel option proves to be most favourable 

biofuel option when economic, technical and sustainability considerations are taken 

into account. It has been found that the use of AHP is extremely beneficial in 

accommodating the complex elements that contribute to sustainability. However, 

sustainability is an inherently complex concept whose scientific definition and 

measurement still lack wide acceptance. Fuzzy logic is well suited to handle such an 

uncertain and polymorphous concept (Phillis and Andriantiatsaholiniaina, 2001).  

 

2.4.  Fuzzy Logic 

Many researchers have implemented fuzzy logic for various  sustainability related 

decision making problems. Martinsen and Krey (2008) applied fuzzy optimization to 

energy systems modelling in Germany,  to provide better representation of decision 

processes and find compromises between contradictory targets (such as economic 

viability, environmentally friendly and secure energy supply). Pramanik and Roy 

(2007) demonstrate the validity of such research measures, integrating fuzzy 

objectives as a tolerance boundary for multilevel policy design. This strategy relied 

upon the stakeholder value systems as input variables. Directly relevant to the 

biofuels analysis challenge, Kok (2009) integrated fuzzy modelling to determine the 
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valuation of Brazilian rainforests and their evolving deforestation patterns. Such 

conclusions offer policymakers a much more strategic opportunity for moderating 

wood harvesting and agricultural expansion based on diverse stakeholder value 

systems.  

 

When multi-criteria evaluation systems are required, researchers turn to fuzzy logic as 

a way of evaluating both qualitative and quantitative variables. Many complicated 

scenarios with widespread national implications are evaluated using this formatting. 

For example, Hung et al. (2008) evaluated the potential for a fuzzy based MCDM 

evaluation system through which they were able to exploit vague system variables to 

mitigate uncertainty, and assist in decision-making.   

 

The majority of sustainability related decision-making investigations involve contexts 

that are aggregate and variable; Gagliardi et al. (2007) suggested that fuzzy logic 

optimizes judgments based on various criteria defined within the scope of analysis. 

From a policy standpoint, such investigation is essential to define the project 

dynamics, environmental influence, and long-term impact based on specific 

ecological activity. Essentially, fuzzy logic and the prescription of fuzzy sets enable 

the definition of complex scenarios, which are too qualitative to be defined by 

mathematical analysis or a more classical quantitative methodology (Jiang et al. 

2009).  Strategically, fuzzy logic can be integrated into a wide range of processes and 

concepts. Sometimes fuzzy logic systems have been integrated into multi-criteria 

decision-making techniques as a means of incorporating qualitative judgements and 

imprecise data within the decision making process. 
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2.5. Fuzzy Multi Criteria Decision Making 

MCDM is governed by the establishment of the ideal point or objective whereby 

creativity and invention can predict new methods of goal achievement in accordance 

with the ideology or prescribed rationale (Zeleny, 1982). As evidenced by Gomez 

Limon et al. (2003), MCDM investigation requires stakeholder opinions to optimize 

the variables and their rating scale on which the desired program is developed.  

 

The use of combined fuzzy logic within the MCDM approach, (Fuzzy MCDM) 

enables direct translation of linguistic perspectives throughout the decision-making 

process. Chu and Lin (2009) established hierarchical applications for integrated fuzzy 

MCDM analysis models among varied subjective and objective criteria for decision 

making. Liang (1999) evaluated a combinative approach to fuzzy MCDM in which 

specific guidelines include the employment of linguistic terms. For the purposes of 

supporting sustainability related decision making, fuzzy MCDM was used for the 

development of conservation-tillage cropping systems for grain sorghum and wheat as 

a means of encouraging sustainable agriculture (Torbert et al. 2009). Liu (2007) made 

use of fuzzy MCDM, specifically fuzzy AHP for generating a new environmental 

sustainability framework which enabled evaluations of environmental sustainability in 

146 countries to be calculated, ranked and clustered, and of obstacles to 

environmental sustainability identified. Although fuzzy set theory can be incorporated 

within any MCDM methodology, the research has focused on adapting fuzzy set 

theory within the framework of an Analytical Hierarchy Process (AHP) analysis. 
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2.6.  Fuzzy AHP 

Policy making for sustainability related issues constitutes a very special kind of 

decision-making. This kind of decision-making involves multiple stakeholders, each 

with their different set of priorities, judgments, expectations, numerous, possibly 

conflicting criteria and uncertain, imprecise data (Boulanger and Brechet, 2005). 

Sustainability related policy formulation involves socio-political, environmental, and 

economic value judgments of the various stakeholders involved in decision-making 

process (Chiou and Tzeng, 2002). To estimate precisely the sustainability of biofuels 

production is nearly impossible; to classify the stakeholders’ assessments in terms of 

linguistic variables and degrees of acceptability of the criteria and options is more 

meaningful (Mendoza and Prabhu, 2003). Multiple criteria, economic, technical, and 

social need to be taken into consideration to achieve an optimal evaluation of various 

alternatives. In such a scenario, Fuzzy AHP has proved itself a flexible working tool 

that offers good communication between the variety of stakeholders, engineers, and 

decision makers (Anagnostopoulos et al. 2007).  

 

Srdjevic and Medeiros (2008) concluded that traditional MCDM methods are not 

sufficiently robust when dealing with limited experimental data, human judgment, and 

the combination of quantitative measures and linguistic expressions. Fuzzy AHP, on 

the other hand, provides a conceptual basis for dealing with imprecise data and 

prioritizing the criteria on basis of stakeholder value judgments by extending the 

boundaries of traditional AHP by expressing preferences in terms of linguistic terms, 

which in turn are represented by triangular fuzzy numbers (Anagnostopoulos et al. 

2007). Although fuzzy AHP is a more complex methodology for assessing composite 

properties than the traditional MCDM methodologies, the ability of fuzzy AHP to 
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deal with uncertainty and qualitative and quantitative elements makes it suitable for 

providing decision support for multi disciplinary problems (Percin, 2008). Entani and 

Tanaka (2005) identify that one of the problems, with regard to AHP, is that a pair-

wise comparison matrix is based solely upon the decision-maker’s perception of 

relative importance and leads to a linear order of alternatives. The problem that arises 

from these elements is that it adds ambiguity to the calculation that may distort 

results. However, if fuzzy logic is introduced into the pair-wise comparison element 

of the analysis this ambiguity can largely be eliminated. For this reason, Fuzzy AHP 

in the recent past has been used to provide decision support for many sustainability 

related issues. 

 

Fuzzy AHP has been utilized to analyze various policy strategies for public 

participation in formulation of transport policies (Arsalan, 2009), land selection for 

cultivation of agricultural crops (Prakash, 2003) and sustainable tourism development 

(Tsuar and Wang, 2007). Fuzzy AHP has been applied to the ranking of several long-

term policy scenarios for water management in Brazil (Srdjevic and Medeiros, 2008). 

Hence, besides allowing selection of suitable options, this methodology can also serve 

as a building block for supporting the formulation and evaluation of sustainability 

policies (Tran et al. 2002).  

 

Fuzzy AHP (and AHP) further have a provision for supporting scenario planning, a 

method to allow for strategic long term flexible planning. 
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2.7.  Scenario Planning 

The central idea of scenario planning is to consider a variety of possible futures that 

includes many of the important uncertainties in the system rather than to focus on the 

accurate prediction of a single outcome (Peterson et al. 2003). 

 

Scenarios provide a mechanism for improving the understanding and management of 

ecological and social processes by scientists and decision makers with greater 

flexibility than conventional techniques could afford. Scenarios and scenario analysis 

have become popular approaches in organizational planning and participatory 

exercises in pursuit of sustainable development (Duinker and Greig, 2006). 

 

Scenario planning has been defined as “a process of positing several informed, 

plausible and imagined alternative future environments in which decisions about the 

future may be played out, for the purpose of changing current thinking, improving 

decision making, enhancing human and organization learning and improving 

performance” (Chermack, 2004). In this context, scenario planning and MCDM share 

many commonalities, suggesting a potential for substantial synergies in seeking to use 

the scenario planning approach as a means of fostering a deeper understanding of 

external uncertainties in MCDM (Figueira et al. 2005). MCDM has been used as a 

means of allowing developing scenarios for sustainable forest planning which 

involved taking inputs from stakeholder groups while designing the relevant policies 

(Sheppard and Meitner, 2005). 

 

Scenario planning involves combining factual data and expert evidence to create 

reasonable and credible scenarios envisioning possible future outcomes (Sorensen et 
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al. 2005). Scenarios may also provide a venue for testing new decision policies by 

manipulating forces and potential responses to them in an experimental environment. 

Decision-makers can play out the possibilities of given decision policies and examine 

their long-term effects (Chermack, 2004). 

  

AHP has been used for the development of socio-economic scenarios which were then 

used to analyse the medium and long-term (2020, 2050, and 2080) climate impact on 

agricultural land use in Europe by linking agricultural land use with environmental 

and socio-economic variables (Abildtrup et al. 2006).  In the case of biofuels, a 

scenario planning approach has been used for the modelling of (four) prospective 

scenarios in order to pinpoint options and actions which may promote sustainability 

and efficiency within the biodiesel supply chain (Vaccaro et al. 2009).  

 

In the context of the present research, scenario planning has been explored as means 

of providing a framework for testing the plausible long-term impact of decision 

policies and as means of assigning values to the pairwise comparisons (Meade and 

Sarkis, 1998). The forward-backward mechanism has been used which allows for a 

detailed evaluation of the case study based models. According to Foreman and Gass 

(1998), by use of such methods, it is possible to identify novel outcomes that may 

help in achieving the desired results, and to investigate how these may change due to 

policy interventions.  

 

To conclude the Chapter, it should be noted that the promotion of biofuels requires a 

robust national/regional planning response involving all stakeholders and consultation 

with national and international sources of scientific validation (ADB, 2007).  
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CHAPTER 3: METHODOLOGY 

 

Sustainability-related decision making is a complex process. Decisions have to be 

made in the face of missing information and uncertainty over the confidence that can 

be placed on the available information (for instance biofuel sustainability-related 

decision making is fraught with imprecise data, i.e. data which are better described 

within a range of values rather than one single number).  Decisions affect, and 

therefore need to involve, a broad range of stakeholders who may have different 

views/preferences on what attributes distinguish better from less desirable options. 

Furthermore, when sustainability is concerned, the decision stakes are high (Mitchell 

et al. 2004).  

 

This research aims to provide a decision support system for the formulation of 

policies to enable the sustainable production of biofuels. Sustainability related issues 

pertaining to biofuel production need to allow for the incorporation of imprecise data 

(in a flexible way, keeping in mind that data can change over time), range of 

viewpoints/preferences and allowing for investigation of the sensitivity of the model. 

For the purposes of developing the decision support system, an open source Java 

based software; Compendium (Compendium Institute, 2001) has been used as the 

base software2. Compendium allows the decision problems to be structured on a 

visual interface. This research has extended the scope of Compendium by adding 

software functionalities that now allow it to be used as quantitative decision support 

tool.  

                                                           

2 Compendium software has been described in a greater detail in Chapter 4. 
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This Chapter describes the concepts and methodologies that have been used to design 

the software functionalities. These are: Fuzzy logic, the Analytical Hierarchy Process 

and a combination of the two, Fuzzy AHP. Chapter 4 will outline the design of the 

new software functionalities that have been developed using these concepts: (1) 

Options vs Fuzzy Criteria, (2) Analytical Hierarchy Process, and (3) Fuzzy Analytical 

Hierarchy Process. 

 

3.1.  Theory of Analytical Hierarchy Process (AHP) 

The Analytical Hierarchy Process comprises the objective GOAL at the first level 

followed by the relevant CRITERIA3 at the second level. These criteria in turn may 

be divided into a number of SUB-CRITERIA which are present at the third level. For 

instance, the broad criteria of agricultural performance may have a number of 

associated sub-criteria, such as yield/hectare, fertilizer requirements and irrigation 

needs. The fourth level of the hierarchy comprises OPTIONS which may be 

associated with each of the sub-criteria (and the parent criteria). This four level 

hierarchy is shown in Figure 3.1. 

 

 

 

 

                                                           

3 In this case criteria means the standard measurement that can be used as the basis to judge something; in this case 
sustainability of a given biofuel production system. Sustainability criteria include GHG Savings, no raw material 
from undisturbed rainforests, no conversion of wetlands among others (European Commission, 2008). 
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GOAL

Option 1

Criteria

Sub-
Criteria

Options

CRITERIA 2CRITERIA 1 CRITERIA 3

Sub-
Criteria 3b

Sub-
Criteria 3a

Sub-
Criteriala

Sub-
Criteria 1b

Sub-
Criteria 1c

Option 3Option 3Option 2

 

Figure 3.1: Four Level AHP Structure 

 

The AHP methodology revolves around three steps: (a) identify goal, (b) identify 

criteria and sub-criteria affecting a decision, and (c) identify alternatives/options from 

which we need to choose the optimal. Pair-wise comparison is used to identify the 

relative weighting of criteria, that is, examining two criteria and addressing whether 

one is considered more important than the other. This level of importance can be 

recorded on a nine-point scale (Saaty, 1980) in order to generate the priority 

weighting between criteria. This is done through expert opinion or through 

comparison of empirical data. The 1-9 point scale studied by Saaty and Vargas (2001) 

is widely accepted in AHP community and it is described as follows: 
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Intensity of 

Importance 
Definition Explanation 

1 Equal Importance 
Two activities contribute equally to the 

objective 

2 Weak Importance 
Experience and judgment slightly favour 

one attribute over the other 

3 Moderate importance 
Experience and judgment moderately 

favour one attribute over the other 

4 Moderate plus 
Intermediate value between moderate 

and strong 

5 Strong importance 
Experience and judgment strongly 

favour one attribute over the other 

6 Strong plus 
Intermediate value between strong and 

very strong 

7 
Very Strong or 

Demonstrated 

 

An attribute is favoured very strongly 

over the other 

8 Very Very Strong 
An attribute is vitally more important 

than the other 

9 Extreme Importance 
The attribute has the highest possible 

affirmation over the other. 

 

Table 3.1: The Fundamental Scale of Importance (Saaty and Vargas, 2001) 

 

A pairwise comparison matrix can be created which depicts the stakeholder 

preference of one criterion over another using the aforementioned scale. The diagonal 
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elements of the comparison matrix are taken as unity and the rest of the elements are 

chosen by the reciprocal force, that is,         

1 , ( , ).ij
ji

a i j
a

= ∀    (Saaty, 1980)            (3.1) 

This matrix A is then used to determine the local priority weights of the criteria as an 

eigenvector corresponding to the maximum eigenvalue of this pairwise reciprocal 

comparison matrix, that is,   

  A. x = λmax x                                                 (3.2) 

In this equation, λmax is the largest eigenvalue of matrix A and x is the corresponding 

non zero Eigenvector (Saaty, 1980). The normalized eigenvector x gives the value of 

the priority vector w. For an n x n square matrix, the priority vector is denoted by  

w = (w1, w2,  , wn)T,                                        (3.3) 

where T is the transpose of a vector. The consistency of the matrix A is checked by 

calculating its consistency index (CI), expressed as 

                               CI =
1

max

−
−

n
nλ

,   (Saaty and Vargas, 2001)    (3.4) 

where n refers to the total number of compared criteria. When CI = 0, the 

comparisons are perfectly consistent but when it is not so then the decision maker can 

determine the level of inconsistency by comparing the CI with the  Random Index 

(RI) from the Eigenvalue method (Saaty, 1980).  

 

Table 3.2: Random Consistency Index (RI) (Saaty and Vargas, 2001) 
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The consistency ratio CR=CI/RI ≤ 0.1 is taken to be an accepTable level of 

inconsistency for a pairwise comparison matrix (Teknomo, 2008). In this case, the 

assignment of relative values is consistent and the priority vector obtained can be 

accepted as the priority weights of the criteria and sub-criteria. The normalized 

priority weights of various criteria, sub-criteria and options are then used to compute 

the absolute weight (Wa). If CR > 0.1, it is necessary to re-evaluate the assigned 

importance and restart the calculation. 

 

The absolute weight of a given criterion is calculated by multiplying the priority 

weights of the criterion with its associated sub-criteria priority weight. The value thus 

obtained is multiplied with the priority weights of all the associated options within the 

hierarchy structure tree. Let there be n criteria with local weights w1,…, wn; each 

criterion has further m sub-criteria with local weights wi1, …,, wim, i=1,2,…,n. If Ok is 

the kth option with local weights wkij with respect to sub-criteria j of the criteria i, then 

absolute weight of Ok is computed by 

Wa =
pkwww kij

m

j
ij

n

i
i ,...,2,1,

11
=∑∑

==
        (3.5) 

where p is the total number of options. 

  

In a three level hierarchy, let there be n – criteria  C1, C2, Cn at level 2, each having m  

sub-criteria SC1, SC2 …, SCm  at level 3, while level 4 has p-options O1, O2…, Op to 

rank. 
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Although the number of sub-criteria associated with each criterion may be different, 

for convenience in representation, they are all set equal to m. The three - dimensional 

local weights matrix can be visualized as follows, in Figure 3.2 : 

 

w
w

w

1m1

1m2

1mp

Options
local weightw

w

w

2m1

2m2

2mp
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w
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Option 
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Figure 3.2: Aggregation of Priority Weights for 4 Level AHP Structure 

Three dimensional local weights matrix 

 

Figure 3.3 provides a diagrammatic illustration to explain the calculations of 

aggregate weights of the various options. 

Level-1

Level-2

Level-3

G oal

c2

sc22sc21

c1

sc11 sc12 sc13

01 02 03
 

 
Figure 3.3: Simple Illustration of Aggregation of Priority Weights  

Two dimensional local weights matrix 
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Suppose we have two criteria C1 & C2 where C1 further has three sub-criteria SC11, 

SC 12, SC13, while C2 has two sub-criteria SC21, SC22, at next level 2. Let there be 

three options O1, O2, O3 to rank at the last level 3. We compute the local weight of 

each node in the above hierarchical tree by finding out the priority vector (or the 

normalized Eigen vector) of the corresponding AHP matrix at that level. Let wi  

(i = 1, 2) denote the local weight of Ci (i = 1, 2); wij (i = 1, 2) (j = 1,2,3) denote the 

local weight of sub-criteria SCij; and wkijk (k = 1, 2, 3) (i = 1, 2) (j = 1, 2, 3) criteria Ci  

and sub-criteria SCij. 

The aggregate absolute weight of option OK is given by 

K i ijk ij

2 3

j = 1 j = 1

W = ,  = 1, 2, 3.w w w k∑ ∑
                          (3.6)

 

Level-1

Level-2

Level-3
w111 w112 w113

w121 w132 w213
w221 w222 w223
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w21

sc13 

w13
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sc11 

w11

C1 

w1

C2 

w2

G oal

 

 
Figure 3.4: Simple Illustration of Aggregation of Priority Weights  

With local weights of the options Two dimensional  local weights matrix 
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Some of the local weights of the options O1, O2 ,O3 are shown in Figure 3.4. Each 

option node is connected to each sub-criteria node and the edge connecting them has 

weight wijk. 

 

In general, using the above notations then for the ith criteria (i = 1, 2, __, n) with local 

weight wi, having i(m) sub-criteria with local weights wij, j = 1, 2,__ . , i(m), the 

absolute weight of the kth option relative to criteria ci is given by 

( )

1 1

W , 1,2___,p
i mn

k i ijk ij
i j

w w w w
=

= =

= =∑ ∑            (3.7) 

Where p is the total number of options to be ranked and wijk is the local weight of the 

kth  option relative to sub-criteria j of the criteria i. 

 

After calculating the absolute weights associated with a given criterion, we multiply it 

with the corresponding data values.  

 

However, the data collected for the purpose of selecting an optimum option from a 

number of available alternatives may be of different units and orders of magnitude. 

Hence, there is a need to condition the data into similar units by the use of data 

conditioning techniques like normalizing or indexing. For the purpose of this 

research, indexing of data has been carried out as it allows the criterion-related data to 

be expressed in the form of a dimensionless ratio. This is achieved by dividing the 

numerical data by a single performance value with the same units. For the purpose of 

indexing the actual data, the element in the first cell of each row is regarded as the 

base and the rest of the elements in that row are divided by the selected performance 

value to generate the ratio scales (Chee Tahir, 2006). 
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An optional provision for grading of indexed data is provided which allows the user to 

scale and order the indexed quantitative data so it falls within the range of a 

specifically chosen scale. The quantitative data may be graded using a linear 

interpolation equation (Chee Tahir, 2006):                                                       

,100∗
−
−

=
owlighh

owldata

PP
PP

S
                            (3.8) 

where Pdata is the numerical data of the given criterion and Phigh and Plow are the 

limiting values corresponding to respectively the best and the worst case for the given 

criterion. These values are taken from the national or industry-related data for the 

given criterion. 

 

The graded data and the absolute weights (Wa) are subsequently used to derive the 

final ranking of the p options by using the expression: 

                       .,,1,
1

pkWSMarksTotal kj
a

m

j
kjok =∗= ∑

=        (3.9)
 

Here, okMarksTotal denotes the total marks obtained by k-th option. The options are 

then ranked in descending order of their total marks. 

 

Further, there is a scope for performing a sensitivity analysis within the methodology.  

 

Sensitivity analysis is used to determine how “sensitive” a model is to changes in the 

value of the parameters of the model and to changes in the structure of the model 

(Bereierova and Choudhari, 2001). It does so by studying how variation in the output 

of the mathematical model can be attributed to different sources of variation in the 

input of the model. Problems met in sustainability-related and decision support 
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systems may entail the use of mathematical models, which generally do not embody a 

straightforward relationship between input factors (what goes into the model) and 

output. Such an appreciation, i.e. the understanding of how the model behaves in 

response to changes in its inputs, is of fundamental importance to ensure a correct use 

of the models.  

 

For the purpose of this research, sensitivity analysis serves the purpose of supporting 

decision making or development of recommendations for decision-makers and 

enhancing the communication between the model and the users. The impact of the 

stakeholders’ preferences is represented by variation in the priority weight of criteria. 

By performing a sensitivity analysis, the user can see how the change in preference 

for a given criterion changes the recommendation produced by the model. Sensitivity 

analysis can be performed by changing the priority weight of a criterion j and 

observing the resulting changes to the ranking of an otherwise recommended option 

(Chee Tahir, 2006).   

[ ] [ ]*(1 )cnew j c jW W p= +                               (3.10) 

Here Wc(j) is the priority weight of the criterion j on which the sensitivity analysis has 

been performed and p is the value by which the priority weight of the criterion is 

varied. The Wc new(j) is the new priority weight of the criterion thus obtained. Given 

that the sum of the priority weights of the criteria must be 1, the weight of remaining 

relative criteria c, i has to be changed accordingly. 

[ ] [ ] [ ]
GW = W - (p * *W )

1- G
c i c i c i     where I  j (3.11) 

Here, Wc(i) is the priority weight of the remaining criteria and G= Wc(j). 
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The new recommendations produced by the system can allow the users to decide 

which alternative would be more feasible under a given of input conditions.  

 

The present work extends the model of Saaty by incorporating the fuzzy set theory to 

enhance the capabilities of the model. The basic principle of this extension has been 

outlined in section 3.2 and 3.3 

 

3.2.  Fuzzy Set Theory 

Fuzzy logic is a form of multi-valued logic derived from fuzzy set theory to deal with 

reasoning that is approximate rather than precise. In fuzzy logic, the degree of truth of 

a statement ranges between 0 and 1, and unlike classic logic, is not constrained to the 

two truth values {true, false}.  It can handle the concept of partial truth-values 

between “completely true” and “completely false”. In conventional logic the degree to 

which individual element is a member or not a member of a given set is expressed in 

terms of membership functions where the membership function can only take a value 

of either 0 or 1. On the other hand, the idea behind fuzzy logic is to describe the 

vagueness of the entities in the real world where the notion of belonging to a set is a 

matter of degree (Malczewski, 1999); that is, transition between membership and non-

membership functions is gradual rather than abrupt. Mathematically, A is a fuzzy 

subset of X, that is A X⊂ , and a membership function  ( )A xµ defines a membership 

in the set A.  The membership ( )xAµ  assigns to each x a value in [0, 1], indicating the 

degree of membership of x in A.  Membership functions, are therefore functions that 

map x from X into the interval [0, 1] (Cornelissen et al. 2001). 
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Membership functions are at the core and define the degree to which a given criterion 

contributes to issue at hand (e.g. suitability of a given geographical zone for the 

cultivation of a given crop).  The triangular membership function (TFN) is used in 

this study for computational simplicity, and moreover the assessment results we 

obtained later from our model agree with the widely observed patterns. A triangular 

fuzzy membership function is described using three control points [a, b, c] which 

govern the shape of the membership functions 

ab
axxA −

−
=)(µ          if  a ≤ x ≤ b                                    (3.12) 

          = 
bc
xc

−
−         if  b ≤ x ≤ c 

= 0             otherwise 

The first control point, a, indicates the location where the membership function starts 

to linearly increase above zero until the maximum of 1 is reached at the second 

control point b. Thereafter, the membership function starts to linearly decrease below 

1 until minimum zero is reached at the control point c. 

 

Linguistic variables such as LOW, MEDIUM, HIGH, etc. can be described by 

appropriate membership functions. Fuzzy logic allows inclusion of perception-based 

information within the decision matrix, thereby taking into account both value 

judgments and objective facts and data (Zadeh, 2000). It provides a simple way to 

arrive at a definite conclusion based upon vague, ambiguous, imprecise, noisy or 

missing input information because, unlike an engineering system, the majority of the 

criteria being dealt with as a part of the present research cannot be described using an 

explicit numerical values. Given that a number of criteria encountered in this research 

are qualitative in nature and hence can be described using linguistic variables such as 
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LOW and HIGH (which in turn can be described between lower and upper numerical 

bounds), the concepts of linguistic variables, fuzzy numbers and defuzzification have 

been used in the following steps: 

 

a) Initialization: This step is essentially concerned with the preparation of the 

decision-making process.  Several issues are incorporated in this step, which 

include, defining the decision issue at hand and selecting the requisite options 

and criteria. The dialogue mapping facility of the base software Compendium is 

greatly beneficial for this stage. 

 

b) Identification of Linguistic Data: The criteria associated with the decision 

making process are identified and their values and/or importance in turn are 

expressed in terms of linguistic variables such as LOW, MEDIUM, etc. The 

values of these linguistic variables in turn are expressed between ranges of 

values.  

 

Figure 3.5: Bounds of fuzzy linguistic expressions 

The GUI in Figure 3.5 shows that, the user can specify a given criterion (in this case, 

the range of growing season) as fuzzy and select the linguistic variables associated 
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with the fuzzy criterion. The upper and lower bounds of the linguistic variables are 

user-specified. 

 

c) Fuzzification of Input Data: This allows the boundaries of the linguistic 

variables describing the fuzzy criterion to overlap. This is a distinct advantage of 

fuzzy numbers that it provides the conceptual basis for dealing with uncertainty 

arising out of imprecise boundaries between various different categories 

(McBratney and Odeh, 1997). In Figure 3.6, membership functions of three 

linguistic variables, MEDIUM, HIGH and VERY HIGH are created to describe 

rainfall (in mm). Medium rainfall can be described between the lower and upper 

bounds of 250mm to 620mm. Similarly High and Very High rainfall are 

respectively fixed between the lower and upper bounds of 450mm-1300mm and 

1100mm-1500mm. The values of the membership functions may or may not 

overlap (in this case, they do). 

400 600 800 1000 1200 1400
Input varable "Rainfall (mm)"

Membership function plots plot points:
100

High VeryHighMedium
1

0.5

0

 

Figure 3.6: Trapezoidal Membership Functions to describe Rainfall (mm) 

 

d) Defuzzification: After generating the membership functions on the basis of 

lower and upper bounds provided by the users, the next step is to carry out a 

defuzzification process which yields the final numerical value. Out of a number of 
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methods available for defuzzification, the Centre of Gravity method (COG) also 

known as the centroid method is one of the most frequently applied methods (Nasibov 

and Mert, 2007) and is selected in our study. The centre of gravity of a triangular 

membership is analytically obtained by calculating the x-coordinate of the centroid, 

Cx:  

                                  2
x

2

(x) x dx
 = 

(x) dx
C

µ

µ
∫
∫

                                        (3.13) 

A similar approach for defuzzification of trapezoidal membership function has been 

used by Nasibov and Mert (2007).  

 

The aforementioned concepts have been used to design the software functionality of 

Options vs Fuzzy Criteria Matrix. This allows the conceptual expectations of the 

stakeholders, namely policymakers and farmers, to be introduced into the decision- 

making process as inputs using linguistic variables. This ability of the functionality in 

turn allows interpretation and quantification of vague descriptive language supplied 

by stakeholders and subject experts.  

 

A particular application of the fuzzy set theory, namely “multifeature pattern 

recognition” (Ross, 2005), is also implemented herein. The following text briefly 

explains the working and the theory behind the method.  

 

For the purpose of applying the given methodology, the “approaching degree” 

concept is used to compare the new data pattern (in this case C) with some of the 

known data patterns (in this case P). Suppose the new data sample (that of the crops) 

is characterized by m features as a collection of non interactive fuzzy sets 
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                                              C = [C1, C2, … , Cm],               (3.14) 

where each Ci is a fuzzy set described by a TFN. In other words we denote by a fuzzy 

set C as the vector comprising of m components where each component Ci is a fuzzy 

set characterizing the ith attribute, described by the linguistic variable, for the data. So, 

it is given that the new data set is characterized by m features, and each of the known 

patterns, say Pi, too is described by m features 

                                              Pi = [Pi1, Pi2, … , Pim].               (3.15) 

If some of the criteria are more important than the others, we can introduce the 

normalized weighting factors wj with the j-th criterion such that  

                                                      .1
1

=∑
=

m

j
jw                              (3.16) 

However, for the purpose of the present research, the importance of all the criteria is 

assumed to be equal and hence all are assigned the weight 1/j. The approaching 

degree of pattern C with patterns Pi is described by    

1

( , ) = ( , ),
m

i j ij
j

C P w C P
=

∑                              (3.17) 

where each operation in the preceding expression is determined using the method of 

approaching degree described as follows. Here Equation 3.18 is the formula for 

calculating the Approaching Degree (AD).   

 

  ( ) ( ) ( )[ ]zzz PCPCPC ⊕+•=
2
1, ,                (3.18) 

and          ( )ziiPC pc
n

i
z ∧∨

=

=•
1

,                            (3.19)   

     .  ( )ziiPC pc
n

i
z ∧∧

=

=⊕
1

.                                 (3.20) 
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The maximum approaching degree indicating the closeness of sample pattern C to the 

known patterns Pi is defined by 

                   ( ) ( ){ }.,max,
1 icii PCPC

≤≤
=                        (3.21) 

It may be noted that when the collection of fuzzy sets C = [C1, C2, … , Cm] reduces to 

a collection of crisp singletons, that is, C= [c1, c2, … , cm], then the approaching 

degree is given by 

 

   (3.22) 

 

As before the maximum matching degree of singleton {c} closest to pattern Pi is 

defined by 

( ){ }
1

 ( )  max ( )
iP Pi k

c cµ µ
≤ ≤

=                               (3.23) 

The index r which yields the maximum value for the approaching degree in the above 

expression is the most suitable class, among all alternative classes, for the  

new pattern C. 

In Chapter 6, Multifeature Pattern Recognition is used to select a suitable zone for 

the cultivation of a given crop in Philippines, where the classes P are represented by 

various geographical regions of the Philippines and the crop under consideration is 

represented by C. Fuzzy set theory has been used both independently and within the 

scope of Analytical Hierarchy Process to enhance the capabilities of the decision 

support system. 
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3.3.  Fuzzy Analytical Hierarchy Process 

Even though the purpose of AHP is to capture  expert knowledge, the conventional 

AHP falls short in situations where uncertainty is present (Kharman et al, 2004). The 

vagueness and uncertainty of the data used renders the pairwise comparison of the 

classical AHP insufficient when it comes to expressing the relative importance of one 

criterion over another. The earliest work on fuzzy AHP was done in 1983 in which 

vanLaarhoven and Pedrycz used fuzzy AHP for selecting the best option out of a 

number of available alternatives. Buckley, in 1985, extended Saaty’s AHP 

methodology to deal with imprecision and subjectiveness of the pairwise comparison. 

Mahmoodzadeh et al, (2007) see Fuzzy AHP as an “extension of AHP to efficiently 

handle the fuzziness of the data involved in the decision-making.”  In other words, the 

fuzzy AHP acts as means of allowing vague data to fit into the hierarchy, enabling the 

subtleties in the analysis to be captured that would otherwise be lost. However, in 

order to capture such subtleties and uncertainties, a fuzzy pairwise comparison scale 

is required (Kwong and Bai, 2002). Using the concepts of the fuzzy set theory and the 

hierarchical structure analysis, Gumus (2009) designed a scale, analogous to the 

Saaty’s 1-9 point scale, describing the linguistic terms and their corresponding 

triangular fuzzy numbers; this scale is described below in Table 3.3.  
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LINGUISTIC TERMS TRIANGULAR FUZZY NUMBERS 

Equal (1,1,1) 

Weak Advantage (1,2,3) 

Not Bad (2,3,4) 

Preferable (3,4,5) 

Good (4,5,6) 

Fairly Good (5,6,7) 

Very Good (6,7,8) 

Absolute (7,8,9) 

Perfect (8,9,10) 

 

Table 3.3: Fuzzy Comparison Measures 

The incorporation of the fuzzy approach by means of fuzzy comparison scale, used to 

generate fuzzy pairwise comparison matrices, makes use of the triangular fuzzy 

numbers to represents uncertainty and vagueness (Liang and Wang, 1994). 

The Fuzzy AHP essentially does two things: 

• First, it allows for the incorporation of stakeholder preferences using linguistic 

variables  

• Second, fuzzy data4 can be included for the purpose of evaluation.  

 

A number of methods have been developed to handle fuzzy comparison matrices. The 

extension of research that is being pursued is to adapt the extent analysis approach of 

fuzzy AHP proposed by Chang (1996) in order to develop the software functionality 

for it.  Fuzzy extent analysis is used to solve the fuzzy reciprocal matrix for 

determining the importance of criteria and alternative performance (Deng, 1999). This 

                                                           

4 Refers to the data that lies between a range of values rather than being defined by a single value.  
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method obtains crisp priority weights from a triangular fuzzy comparison matrix in 

four steps using the fuzzy arithmetic rules. The brief outline of the four steps involved 

are as follows: (i) sum up each row of the fuzzy comparison matrix, (ii) normalize the 

row sums, (iii) compute the degree of possibility of the i-th criteria over all other 

criteria by prescribed mathematical rules (Chang, 1996), (iv) finally compute the 

priority weights using the possibility degrees. The detailed procedure can be found in 

(Chang, 1996). Wang et al. (2008) suggested some modifications in the previous 

version of fuzzy extent analysis, to remove inconsistencies.  

 

Example: 

An application of the extent analysis fuzzy AHP methodology is described in this 

section based on the problem of identifying the most appropriate land for biofuel crop 

cultivation in the Philippines. The data are not crisp but lie between certain ranges for 

each of the criteria pertaining to the land type as shown in Table 3.4.  

Type of PEZ (Pedo 

Ecological Zone) 

Elevation Slope Average 

Temperature 

Warm Lowlands Low (0-100 m) Very low (0-8%) Very High (25ºC- 

42.2oC) 

Warm-cool uplands Medium (100-500m) Medium (0-18%) High (22.5º C - 25ºC) 

Warm-cool hilly 

lands 

Medium (100-500m) Medium (0-18%) High (22.5º C - 25ºC) 

Cool highlands High  (>500 m) Steep (33-100%) Low (17ºC- 20 ºC) 

 

Table 3.4: Data Ranges (FAO, 2001) 
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In the fuzzy extent analysis, an experts’ uncertain judgement can be represented by 

triangular fuzzy numbers (TFNs) (Vahidnia et al. 2009). Hence, the data in Table 3.4 

is firstly converted into the TFNs, for instance, 0-100 is taken as (0, 50,100), 25-42.2 

is taken as (25, 33.6, 42.2). The middle value is the midpoint of the lower and upper 

bounds (Klir and Ayyub, 2006). These TFNs, shown in Table 4.5, are used for 

pairwise comparison scale of the fuzzy extent analysis. The general form of a 3x3 

fuzzy criteria matrix is given in Table 3.5. Here, the entries of the matrix are TFNs, 

(x, y, z), with lower bound x, middle value y, and upper bound z.  

 
Table 3.5: Fuzzy Criteria Matrix 

 

The other entries are chosen by reciprocity. The priority weights of criteria are 

obtained by the following procedure (Wang et al., 2008). 

 

a) For each row i, the row sum is calculated as a TFN, ( =il (sum of lower triplets), 

=im (sum of middle triplets), =iu  (sum of upper triplets)). 

b) The fuzzy priority weights of the criteria are computed using the following 

formula: 

,,,1,,,

,11,1

ki
lu

u

m

m

ul

l
w k

ijj
ji

i
k

j
j

i
k

ijj
ji

i
ci =



















++
=

∑∑∑
≠==≠= (3.23)

 

 

Criterion 1 Criterion 2 Criterion 3 

(1,1,1) (a, b, c) (d, f, g) 

(c-1, b-1, a-1) (1, 1, 1) (h, i , j) 

(g-1, f-1, d-1) (j-1, i-1, h-1) (1, 1, 1) 
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where ci (in subscript) stands for the i-th criteria, and k is the total number of 

criteria in the entire analysis. Similarly, the fuzzy priority weights of associated 

sub-criteria and n options available in the AHP analysis are computed. These 

weights will also be TFNs. 

c) The fuzzy priority weights of criteria and the options are then aggregated to 

compute the absolute fuzzy weights. The aggregation rule is briefly presented in 

the following  Figure : 3.7. 
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Fuzzy AHP Weight Aggregation 
Figure 3.7: Aggregation of Priorities 

 
In a three level hierarchy of fuzzy AHP, let there be n-criteria C1, C2……, Cn at level 

1, each criterion has p-sub-criteria SC1, SC2……., SCp at level 2, while there are q-

options/alternatives to rank at third level since the local priority weights are fuzzy we 
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denote them by triplet with subscript (l, m, u) respectively. So, the ith criterion priority 

weight is represented as (wli, wmi, wui). Note that Wmi is the middle number of a TFN 

with membership value 1 while wli is the left and wui is the right end points of the 

same TFN both having membership values zero. Similar interpretation is attached to 

the priority weights of the sub-criteria. For instance, the sub-criteria 1 of criteria 2 has 

priority weights as a TFN denoted by (wl21, wm21, wu21). In general, the local priority 

weight of the jth sub criterion of the ith criterion is a TFN expressed as (w lji, wmji, wuji). 

The local priority weights of the options are represented in a  Figure: 3.7, in blocks. 

So the TFN representing the weight of the kth option with respect to the jth sub-

criterion of the ith criterion is denoted by (wk
lji, wk

mji, wk
uji). 

 

In Figure 3.7, ( )111 ,, uml www  denotes the fuzzy priority weights of the first criterion, 

and ( )111111 ,, uml www  denotes the fuzzy priority weights of the first option with respect 

to the first criterion calculated from the formula. Similarly we can interpret the other 

entries in Figure 3.7.  

 

Table 3.6 shows the indexing of the fuzzy data. The indexing procedure is same as 

explained for AHP except that it now uses fuzzy arithmetic rules (Kaufmann and 

Gupta, 1991). For indexing the actual data, the middle element in the first cell of each 

row is regarded as the base and the rest of the elements in the row are divided by it to 

generate the ratio scales using the principle of fuzzy division.  
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12 12 12

11 11 11
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13 13 13

11 11 11
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21 21 21
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22 22 22
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23 23 23

21 21 21
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b b b
 

 
31 31 31

31 31 31
, ,a b c

b b b
 

 
 

 
32 32 32

31 31 31
, ,a b c

b b b
 

 
33 33 33

31 31 31
, ,a b c

b b b
 

 

 
 

Table 3.6: Fuzzy Division 

 

Fuzzy multiplication between the indexed fuzzy data and the absolute fuzzy weights 

in Figure 3.7 is then carried out which produces a fuzzy weighted indexed matrix. 

This fuzzy result thus obtained is subsequently defuzzified using the Centre of 

Gravity method for TFNs (Nasibov and Mert, 2007), that is, if (x, y, z) is the TFN, 

then its centre of gravity is given by                                          

                                                
.

3
zyxCx

++
=

                                (3.24)
 

The defuzzified Table finally assigns the ranks of the options just like in the crisp 

AHP analysis. 

  

3.4. Conclusion 

The methodologies described in this Chapter have been used to develop a software 

based decision support system (using Java programming language) for supporting 

sustainability related policy design. The decision support system comprises of three 
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software functionalities- Options vs Fuzzy Criteria, AHP and Fuzzy AHP. The 

description of the software system follows in the next Chapter. 
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CHAPTER 4: SOFTWARE DESCRIPTIONS 

 

This Chapter provides details of the software functionalities (Options vs Fuzzy 

Criteria, Analytical Hierarchy Process and Fuzzy Analytical Hierarchy Process 

matrices) that have been developed as a part of the present research. Here the 

functionalities have been used to develop case study based models that consider  

regional sources of biofuels and demonstrates how these software functionalities can 

allow for sustainable biofuel production policy formulation. 

 

4.1.  Background on Software Compendium 

In this research, an open source Java based Dialogue Mapping software, 

Compendium (Compendium Institute, 2002) is chosen as the benchmark software for 

capturing conflicting stakeholders’ viewpoints. Compendium allows for enabling 

meeting and other communication to be linked together (Selvin et al. 2001) in an 

organised way through a visual interface. Conklin (2006) and Shum et al. (2006) 

identify the functional elements supported by Compendium hypermedia concept 

mapping, conceptual framework development, and meeting facilitation. Through 

hypermedia concept5 mapping, Compendium provides a visual view of issues, 

questions and ideas and the connections between them. Within the context of present 

analysis, specific extensions to Compendium are made, allowing for additional 

functionalities and enhanced decision-making capacity. The usefulness of 

Compendium is further augmented by addition of the Options vs Fuzzy Criteria 

                                                           

5 Compendium’s hypermedia capabilities allows for providing the visual maps of concepts joined by 
semantic links, with multiple nodes representing the Issue being dealt with (Question), Arguments 
and Answers.  
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Matrix, Analytical Hierarchy Process matrix and the Fuzzy Analytical Hierarchy 

Process Matrix. 

  

4.2.  Software Design Rationale 

The aim behind the development of the decision support system is to aid the 

stakeholders in the decision-making process. For this purpose, the software has 

developed an extensive Graphical User Interface (GUI) for ease of use. Essentially for 

the overall working of the software, a data have to be retrieved from the data store and 

displayed for the user. After the user changes the data, the system stores the updates 

in the data store. This type of a software design rationale is known as the Model-

View-Controller (MVC) design pattern. 

 

User interface logic tends to change more frequently than business logic, that is, the 

instance when data are input by the users may change frequently, whereas the 

underlying methodology (discussed in the previous Chapter) remains constant. Hence, 

there is a need to keep the presentation code (for the purpose of displaying the GUI) 

and the business logic code separate. This is the purpose of MVC, a fundamental 

design pattern for the separation of user interface logic from business logic. This is 

shown in Figure 4.1 which displays three components of the MVC design pattern:  
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Model
* Encapsulates application state
* Responds to state queries
* Exposes application
   functionality
* Notifies views of changes

View
* Renders the models
* Request updates from models
* Sends user gestures to 

* Allows controller to select view
controller

Controller
* Defines application behavior
*  

* Selects view for response
* One for each functionality

Maps user actions to
model updates

Method Invocation
Events

User Gestures

View Selection

Change
Notification

State
Query

State
Change

 

 

Figure 4.1: Model View Controller (MVC) Design Pattern  

(Sun Microsystems, 2002) 

 

Model - The model serves as a software approximation to a real-world 

process, so simple real-world modelling techniques apply when defining the model. 

For example, the present case the Model comprises the methodology described in 

Chapter 3. 

View -The view renders the contents of a model. It accesses enterprise data 

through the model and specifies how those data should be presented. It is the view's 

responsibility to maintain consistency in its presentation when the model changes. 

This can be achieved by using a push model, where the view registers itself with the 
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model for change notifications, or a pull model, where the view is responsible for 

calling the model when it needs to retrieve the most current data.  

 

Controller - The controller translates interactions with the view into actions to 

be performed by the model. In a stand-alone GUI client, user interactions could be 

button clicks or menu selections. The actions performed by the model include 

activating business processes or changing the state of the model. Based on the user 

interactions and the outcome of the model actions, the controller responds by 

selecting an appropriate view.  

 

In order to create the GUIs of the software functionalities, the author has used a 

variety of layout managers provided by Java Swing have been used to allow for the 

placement of buttons, text fields etc at their exact locations.  The common layout 

managers are BorderLayout, GridLayout and FlowLayout.  Layout managers have 

been nested to produce the desired layouts. 

 

The BorderLayout splits a container into five sections: north, south, east, west and 

centre, as shown in Figure 4.2.    

 

Elements can be added to any of the areas available.  This layout provides the user 

with a good starting point for designing how a GUI will look and allows elements to 

be placed accurately on the screen. 
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North

EastWest Centre

South
 

Figure 4.2 Border Layout showing the Sections available  

(Sun Microsystems, 2005) 
 

There are some points to consider when using a BorderLayout in terms of the 

preferred size of the five components it holds. North and South – where possible the 

height of these components is set to their preferred height.  The width is set to the 

width of the container. East and West – where possible the width of these components 

is set to their preferred width.  The height is set to the remaining height available. 

Centre – this fills any remaining space available and in our case houses the JTables- 

the GUI of the Tables which displays the data. 

 

In a Flow Layout components (such as buttons in this case) are added in order from 

left to right.  The default is to centre them in the container but this can be changed to 

align them to the left or the right if required.  If the addition of more components goes 

beyond the width of the container then the components are added on a new line.   
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The Grid Layout class is a layout manager that lays out a container's components in a 

rectangular grid. The container is divided into equal-sized rectangles, and one 

component is placed in each rectangle. A GridLayout object places components in a 

grid of cells. Each component takes all the available space within its cell, and each 

cell is exactly the same size. If the GUI window is resized, the GridLayout object 

changes the cell size so that the cells are as large as possible, given the space available 

to the container. 

 

For the design of the software functionalities, the author designed the Model to serve 

the purpose of representing the methodology and business rules that govern access to 

and updates of this data. The Model aims to serve as a software approximation to a 

real-world process or methodologies (such as those described in the previous 

Chapter). It stores and retrieves the data for display by the GUI. Any changes made to 

the GUI are recorded by the model and it notifies the View of changes (Java 

BluePrints). 

 

The controller translates interactions with the view into actions to be performed by the 

model. In a stand-alone GUI client, user interactions could be button clicks or menu 

selections. It interprets the mouse and keyboard inputs from the user, informing the 

model and/or the view to change as appropriate. The controllers and the model 

communicate with the view via events. Events provide nicely de-coupled mechanisms 

that allow communication, with minimal dependencies. 

 

Using the graphical components’ “list box”, an “entry field” or “radio buttons” as 

examples, these view components will receive event notifications such as needs 

contents, or clicked. The events will often come from the controller. The application 
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model knows that it might have views, and it knows that those views will be 

dependent on it. So whenever an aspect of the model changes, the application model 

triggers an event via the controllers to update the View (Deacon, 2005). 

 

This design pattern has been used to develop all the three software functionalities 

developed as a part of this research. 

 

4.3.  Options vs Fuzzy Criteria Matrix 

The Options vs Fuzzy Criteria matrix is much enhanced in its scope compared to the 

older functionality, Options vs Criteria Matrix (developed by Simon Skrzypczak, 

2007). In the older functionality, the scope of the criterion was limited to criterion 

name and the value/formula related to the criterion name. However, in the Options vs 

Fuzzy Criteria matrix, the scope of criterion has been enhanced by the author such 

that in addition to specifying the criterion name it is possible to specify whether the 

criterion is fuzzy or not and if it is so, the linguistic variables associated with it can be 

specified. These linguistic variables are stored in form of constant values (VERY 

LOW, LOW, MEDIUM, HIGH and VERY HIGH). The upper and lower bounds of 

the linguistic variables can be specified too as shown in Figure 4.3. 
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Figure 4.3: Specifying a Criterion as Fuzzy 

 

It can be seen from Figure 4.3 that the boundaries of the linguistic variables that 

describe the fuzzy criterion overlap. This is a distinct advantage of fuzzy logic that it 

provides the conceptual basis for dealing with uncertainty arising out of imprecise 

boundaries between various different categories (McBratney and Odeh, 1997). Owing 

to the requirements of the Options vs Fuzzy Criteria matrix, the scope of the default 

JTable GUI has been extended by the author to support combo boxes within the 

matrix cells and the colouring of the cells which are dealing with fuzzy criteria (in 

order to distinguish them from the non fuzzy criteria). This was not so in the older 

functionality. 

 

The implementation of the Options vs Fuzzy Criteria matrix in Compendium requires 

interaction with the existing Compendium software in order to work. The Options vs 

Fuzzy Criteria matrix should be available for every issue node in a Compendium 

project, and therefore the system needs to know when it encounters an issue node. The 

Options vs Fuzzy Criteria matrix itself is reliant on two ancillary Tables/matrices to 

function correctly. The first of these is the Global Parameters Table (retained from 
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Skrzypczak, 2007). Global parameter refers to the parameters whose values are stored 

in the global parameters Table and parameters themselves can be referenced from the 

matrix. The second Table is the Goals vs Fuzzy Criteria matrix (adapted from the 

Goals vs Criteria Matrix developed by Skrzypczak, 2007), which holds details of all 

the criteria (both fuzzy and non fuzzy) available to a project. This functionality is 

incorporated into Compendium as a tabbed pane which displays the Options vs Fuzzy 

Criteria matrix for an issue node. Figure 4.4 shows how information flows between 

each of the components that make up the functionality. 

 

Existing
Compendium

SoftwareInformation
regarding all
issue nodes in 
a project 

infornation
regarding a
specific issue
nodes

Goal vs Fuzzy
Criteria Matrix

Values for
reference cells
in spreadsheets

External Excel
spreadsheet

Values for
referenced
parameters

Arrows show the
direction of flow
of information

Global
Parameters

Table

Information about
a specific matrix

Options vs Fuzzy
Criteria

both fuzzy and 
non fuzzy criteria

Available Criteria
for a matrix

 
 

Figure 4.4: Information Flow across the Options vs Fuzzy Criteria Matrix 
(Adapted from Skrzypczak, 2007) 

 
 

This functionality has a further provision of performing a sensitivity analysis on the 

fuzzy criteria using linguistic variables. The value of the selected (fuzzy) criterion is 

varied between a set of linguistic variables to see the impact on the recommendation 

of options. 
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4.4.  AHP Functionality 

In literature, Dialogue Mapping is used in conjugation with other analytic and 

facilitation approaches like the AHP in order to provide decision support for 

stakeholders (Conklin, 2006). This theoretical concept is turned into implementation 

by the addition of the AHP functionality into the existing Dialogue Mapping software, 

Compendium. 

 

This functionality is incorporated into Compendium by the author as a tabbed pane 

which displays the Analytical Hierarchy Process matrix for an issue node. Like its 

predecessor, the implementation of the AHP functionality in Compendium requires 

interaction with the existing Compendium software in order to work. The AHP matrix 

should be available for every issue node in a Compendium project. The Goals vs 

Criteria Matrix of the older functionality (Options vs Criteria Matrix, developed by 

Skrzypczak, 2007) has been retained. This allows for addition of criteria within the 

AHP functionality. The information flow between the various components of the AHP 

software functionality is described in Figure 4.5. 

 



61 

 

Information
about a specific

issue node

Values

AHP

Information
about a
specific
matrixData storage

and retrieval

Analytic Hierarchy
Process functionality

UI: UINodeAHPPanel

Non Fuzzy
Criteria

Goals vs. Criteria
Matrix

AHP Core Utilities

Existing Compendium
Software

 
 

Figure 4.5: Information Flow across the Analytical Hierarchy Process 
Functionality (Adapted from Skrzypczak, 2007) 

 
 

The Analytical Hierarchy Process matrix is dependent on two key user defined classes 

for its functionality. These are the UINodeAHPPanel and the AHP classes 

respectively. The UINodeAHPPanel is responsible for creating the User Interface of 

the functionality, that is, the part of the software functionality which interacts with the 

user and AHPCoreUtilities allows for saving data. Author has designed the 

UINodeAHPPanel to allow the user to enter n criteria which are relevant to the issue 

under consideration. The n x n criteria matrix is thus generated. The names of the 

criteria and the corresponding data Table are stored by the variables criteriaList and 

criteriaDataModel respectively. 

 

Apart from these two, all the classes of the AHP have different purposes and interact 

in the following way:  
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Figure 4.6: Interaction among the Analytical Hierarchy Process  

Functionality classes 

 

There is a further scope of assigning sub-criteria to each of criterion. Assignment of 

sub-criteria to their respective criteria makes use of a HashTable6 (known as the 

subCriteriaMap) which holds mapping of Criteria and their respective sub-criteria in 

the form of key -value pairs. The storage of the criteria and associated sub criteria 

structure is supported by another HashTable, subCriteriaDataModel which holds 

mapping of Criteria and data models7 of their respective sub-criteria in the form of 

key -value pair. The mapping of the sub criteria with the options is managed by 

optionDataModel which is a HashTable holds mapping of sub-criteria and data 

                                                           

6 HashTable is a data structure that maps certain identifiers/keys to associated values. In this case, the 
criteria names acts as the key and the associated sub criteria act as the values. 

7 A data model acts as the Model (stores and retrieves information) displayed in a given JTable. In this 
case, each sub-criteria has a JTable assigned to it which displays the preference information input by 
the user. This information is stored by the data model.  
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models of their respective options in the form of key -value pair, where key is criteria 

(restricted to String8), and value is a data model9 of their options. 

<<uses>><<uses>>

<<uses>>

<<uses>>

Comparison Matrix Matrix

<<uses>>

AHP

criteria Data Model

criterial List

sub Criteria Data Model

sub Criteria Map

option Data Model

option List

Eigen Value Decomposition

 
 

Figure 4.7: Components of the Analytical Hierarchy Process Functionality 
 

The GUI is provided by the class UINodeAHPPanel which allows the number of 

criteria, sub-criteria and options associated with the given issue node to be added and 

removed dynamically, with the help of command buttons and can be viewed in tabbed 

panes (whose provision is provided for by the Java Swing component JTabbedPane). 

Thus to keep a track, two vectors10 (known as criteriaList and optionList) both 

restricted to Strings are made to handle criteria list and option list, which holds the 

collection of all criteria names and options respectively, related to the given issue 

                                                           

8 In computer programming, String is a sequence of characters.   

9 Is an abstract model that represents how data are represented and accessed. 

10 The Vector class in Java implements a growable array of objects. Like an array, it contains 
components that can be accessed using an integer index. However, the size of a Vector can grow or 
shrink as needed to accommodate adding and removing items after the Vector has been created. 
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node. The GUI also provides JTables11 to capture the input from the user for all the 

criteria, sub-criteria and options associated with the issue node. While the input is 

provided in the JTables by the user, the DataTableModels are working behind the 

scenes to capture and hold that data, before it is permanently stored in serialized 

object format.  

 

Capturing of criteria values is done in a DefaultTableModel12, which captures the 

value of the cells of JTable. 

 

A tabbed pane for each of the sub-criteria is generated which in turn is populated by 

the options associated with the issue. This can be viewed by pressing the “View 

Options” button which displays a new GUI. The “View Options” button act as a 

toggle button, so that the user can easily switch between two views namely “Criteria 

View” and “Options View’. Once clicked the “View Options” button opens up the 

options view and the caption of the button changes to “View Criteria”. If clicked 

again, it reverts back to criteria view, and so does the captions too reverts back to 

“View Options”. 

 

The entries of the criteria and options matrices can be entered using a slider based on 

the 1-9 Saaty’s scale. Reciprocacity is maintained by default. The pairwise 

comparisons entered by the users are copied into a matrix called ‘crit’ which is the 

instance of the class ComparisonMatrix. The Comparison Matrix class is used for 

                                                           

11 The JTable is used to display and edit regular two-dimensional Tables of cells 

12 As per the Swing Architecture and MVC design pattern, model classes and/or interfaces provide and 
manipulate the data displayed in the UI components (View + Control). DefaultTableModel is the 
model classes that can be used to populate the view JTable. 

http://java.sun.com/products/jfc/tsc/articles/architecture/
http://java.sun.com/j2se/1.4.1/docs/api/javax/swing/table/DefaultTableModel.html
http://java.sun.com/j2se/1.4.1/docs/api/javax/swing/JTable.html
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calculation of a number of functions associated with the AHP Methodology such as 

consistency ratio, consistency index and priority weights. For this purpose it makes 

use of the class EigenValueDecomposition which supports the calculation of the 

eigenvectors of a real matrix and the maximum priority vector (λmax which is used for 

the calculation of consistency index). The matrix allows the 2D arrays to be 

represented in the form of a user defined data type matrix such that the matrix 

calculations (supported by EigenValueDecomposition) may be carried out. 

 

Using the functionality of these classes, the priority weights are obtained which in 

turn are multiplied by the data values of the indexed/graded data model.  

 

The AHP class is further supported by the AHPCoreUtilities class which allows for 

data storage and data retrieval. Data storage has been carried out by Java serialization. 

Object serialization is the process of saving an object's state to a sequence of bytes, as 

well as the process of rebuilding those bytes into a live object at some future time. 

The Java Serialization API13 provides a standard mechanism for developers to handle 

object serialization. An object is marked serializable by implementing the 

java.io.Serializable interface, which signifies to the underlying API that the object can 

be flattened into bytes and subsequently inflated in the future. 

 

 Subsequently the data is entered and if needed, it may be graded by the users; 

indexing is done by default prior to rank calculation. The AHP class computes and 

aggregates the eigenvectors/priority vectors in order to obtain the composite absolute 

                                                           

13 API stands for Application Programming Interface. The Java API provides mechanism for object 
serialization (Greanier, 2000). 
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weight for the options/alternatives (shown in Figure 4.7).  Then the indexed data is 

multiplied by the absolute weight to obtain the overall weight coefficient of each of 

the options (Pohekar and Ramachandran, 2004). Based on these, the ranking of the 

options is obtained in the descending order. A provision for sensitivity analysis has 

been provided within the functionality itself which allows for seeing the impact of 

varying the criteria preference (represented in terms of criteria weights) on the 

recommendation of suitable options. 

  

Within the framework of the AHP software functionality, both factual data and 

stakeholder preferences (in form of pairwise comparisons) are incorporated in order to 

allow for the recommendation of possible options and policies which may help 

achieve the desired future sustainability goal. This functionality has been further 

augmented by the incorporation of fuzzy set theory to form the Fuzzy AHP 

functionality. 

 

4.5.  Fuzzy AHP Functionality 

The Goals vs Criteria Matrix of the functionality Options vs Criteria Matrix 

(developed by Skrzypczak, 2007) has been retained. This allows for addition of 

criteria within the Fuzzy AHP functionality. The information flow between the 

various components of the Fuzzy AHP software functionality has been described in 

Figure 4.8: 
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Figure 4.8: Information Flow across the Fuzzy Analytical Hierarchy Process 
Functionality (Adapted from Skrzypczak, 2007) 

 
 

The Fuzzy Analytical Hierarchy Process matrix is dependent on two key user defined 

classes for its functionality. These are the UINode AHP Fuzzy Panel and the 

AHPFuzzy classes respectively. The UINode AHP Fuzzy Panel is responsible for 

creating the User Interface of the functionality, that is, the part of the software 

functionality which interacts with the user. It allows the user to enter n criteria which 

are relevant to the issue under consideration. The nxn criteria matrix is thus generated. 

Simultaneously, a tabbed pane for each of the criteria is generated which in turn is 

populated by the options associated with the issue. The entries of the criteria and 

options matrices can be entered using a slider based on a fuzzy preference scale 

(Table 3.3) From the slider, the user chooses the relevant linguistic variable to 

describe the preference. The value of the linguistic variables lies between a lower and 

upper bound. When this value is set into the matrix; it is automatically converted to a 

TFN (triangular fuzzy number). Reciprocacity in the comparison matrix is maintained 
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by default. The AHP Fuzzy class computes and aggregates the fuzzy eigenvectors/ 

priority vectors in order to obtain the composite absolute weight for the options/ 

alternatives. Then the indexed data is multiplied by the absolute weight to obtain the 

overall weight coefficient of each of the options (Pohekar and Ramachandran, 2004). 

Defuzzification is carried out and the ranking of the options is obtained in the 

descending order.  The AHP class is further supported by a number of other classes 

including the AHPCoreUtilities class which allows for data storage and data retrieval.  

Figure 4.9 shows the interactions between the different classes: 

 

UTILITIES:
AHP Fuzzy Core Util
AHP Fuzzy IO Util

Linguistic Scale
Range Bound

Range
Bound Pair

CALCULATIONS:
TFN

Fuzzy Comparison Matrix
GUI MODEL:

AHP Fuzzy
Serialized AHP Fuzzy

Numerical Table Model
Numerical Cell Editor

Linguistic Table Model
Linguistic Cell Editor

GUI:
UIN ode AHP Fuzzy Panel

JTable AHP Fuzzy
JDialog Linguistic Scale
JPanel Linguisitc Scale

 
 

Figure 4.9: Interaction among the Fuzzy Analytical Hierarchy Process 

Functionality classes 

 
The GUI is provided by the class UINode AHP Fuzzy Panel which allows the number 

of criteria, sub-criteria and options associated with the given issue node to be added 

and removed dynamically, with the help of command buttons and can be viewed in 

JTabbedPanes. Thus to keep a track criteria List and option List restricted to strings 

are made to handle criteria list and option list. Assignment of sub-criteria to their 
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respective criteria makes use of a HashTable which holds mapping of criteria and 

their respective sub-criteria in the form of key -value pair . 

  

The GUI also provides  JTables to  capture the input  from the user  for all the criteria, 

sub-criteria and options associated with the issue node. While the input is provided in 

the JTables by the user, the Data Table Models are working behind the scenes to 

capture and hold that data, before it is permanently stored in serialized object format 

to storage location. 

  

Capturing of criteria values is done in a Default Table Model, which captures the 

value of the cells of JTable. Capturing of sub-criteria and options is done in two 

HashTables (known as the sub Criteria Data Model and option Data Model 

respectively) which  holds the values of  Sub-Criteria and  Options respectively, in the 

form of key -value pair, where key (restricted to strings) is the unique criteria name, 

and value is a Default Table Model  which captures the value of the cells of  JTable.  

 

The data can be entered into the data matrix both using a numerical matrix (where the 

TFNs have to be entered manually) and a linguistic matrix for which the user specifies 

the linguistic value and the range for each cell using a dialog box. This is achieved by 

using two different Table models for the same data Table (created in class 

JTableAHPFuzzy) - a numerical Table model and a linguistic Table model. The 

interaction of the numerical and linguistic Table view is illustrated in Figure 4.10. 
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Figure 4.10: Creation of a Customized Table GUI for Displaying Data Both in 
Linguistic and Numerical Form 

 
 

The user can shift between these two models using radio buttons. For both these 

models, the editing mode of the data is different thereby requiring the usage of 

different cell editors. For the numerical Table model, an input box (a text field) 

accepts values from the user. For the linguistic Table model, a dialog box is used to 

input the value- linguistic variable and the associated numerical values into the input 

text field. The linguistic variables that the user can use to describe the data values 

have been defined in a class called LinguisticScale. LinguisticScale stores the 

linguistic variables {VERY LOW, LOW, MEDIUM, HIGH, VERY HIGH} that may 

be associated with the data value and provides provision for storing the range of 

values associated with the linguistic variable. A provision for sensitivity analysis has 

been provided within the functionality itself which allows for seeing the impact of 
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varying the fuzzy criteria preference (represented in terms of criteria fuzzy priority 

weights) on the recommendation of suitable options. 

 

In conclusion, the Fuzzy AHP methodology, both in theory and practise, combines the 

distinct features of both AHP and fuzzy logic to allow for estimate preference 

comparisons for the criteria and alternatives in terms of linguistic variables. Like the 

AHP functionality, it provides support for playing out the possibilities of the given 

decision policies and examining their long term effects. 

 

In context of the aims of the research, the software decision support can be used to 

provide insight not only into the performance of each of the sustainability options 

within the current regional constraints but also help identify sustainability options and 

formulate policies over a pre-established time frame. However, the most vital benefit 

of the software stems from the fact that it can be used by decision makers coming 

from variety of backgrounds and do not possess either programming skills or in depth 

knowledge of the concepts of fuzzy logic and MCDM utilized for software 

development. 
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CHAPTER 5: OPTIONS VS FUZZY CRITERIA MATRIX 

 

This Chapter provides an illustration of how linguistic uncertainties may be 

mathematically used within a decision-making process. In order to incorporate 

linguistic uncertainties within the decision-making process, software functionality 

Options vs Fuzzy Criteria has been developed. A case study, pertaining to land 

resource usage has been performed in order to demonstrate the working of the 

Options vs Fuzzy Criteria Matrix functionality and its efficacy in handling ambiguous 

inputs and giving concrete answers to problems fraught with subjectivity.  

 

The motivation behind the selection of the specific issues tackled in the Chapter stems 

from the fact that selection of a suitable land type is required for sustainably growing 

crops dedicated to biofuel production selection (Tenerelli and Monteleone, 2008). 

During the course of research it was realized that the data pertaining to land resource 

usage in the Philippines which the present case study is based on, is characterized by 

imprecise information and overlapping data boundaries. Therefore the Options vs 

Fuzzy Criteria matrix was selected which allows for the inclusion of both linguistic 

terms and overlapping data boundaries in the decision-making process. 

 

5.1.  Land Resource Management 

The case study set in the Philippines is used to illustrate the concepts discussed above 

and the working of the functionality. Data for this study can be found in Appendix 1. 

The data are adapted from the Land Capability Classification developed by the 

Bureau of Soils and Water Management of the Philippine government whereby 

different types of land are categorized according to soil types and slope categories 
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(FAO, 2001). According to this, 9 separate land options are used to classify the area 

(Class X land, Class N land etc). These options will be compared against different 

weighted criteria. These criteria are: range of the growing season, elevation, soil 

depth, severity of soil erosion (or the number of gullies) and the topographic slope 

criteria (Venkateswarlu, 2001). The criteria are used to evaluate the 9 land resource 

options. The criteria are described using linguistic expressions and are shown in green 

in Figure 5.1. 

 

 

Figure 5.1: Options vs Fuzzy Criteria Matrix for Land Resources Evaluation 

 
After carrying out the five steps described in Chapter 3, the system recommends 

“Class B” type soil land (classified as good quality agricultural land) for cultivating 

biofuel crops (see, Figure 5.1).  However, use of good quality agricultural land for 

biofuel crop cultivation will divert the scarce arable land away from the cultivation of 

food crops, which may in turn raise concerns pertaining to food security (Boddiger, 

2007). Hence, the decision-makers may have to consider other soil options. A 

provision for sensitivity analysis that has been provided within the functionality to 

enables this. 
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5.2.  Performing Sensitivity Analysis on Fuzzy Criterion 

In general, the purpose of sensitivity analysis is to assess the sensitivity of a model 

towards change in the input parameter hence allowing the user to evaluate the 

robustness of a particular decision or selected option. 

  

 

Figure 5.2: GUI of the Sensitivity Analysis of Fuzzy Criteria 

 
Here an improvement of the Options vs Fuzzy Criteria Matrix over Options vs 

Criteria Matrix can be clearly witnessed. The sensitivity analysis is performed using 

the linguistic variables rather than the numeric. An analysis shown in Figure 5.2 is 

performed to see the change in recommended option when one of the fuzzy criterion, 

“Length of Growing Season” is varied from VERY LOW to VERY HIGH. Usage of 

Class Y type soil land (marginal land with poor quality unfertile soil) is now 

recommended. Use of marginal land for biofuel cultivation instead of good quality 

agriculturally active land can potentially prevent biofuels from adversely affecting 

food security (Phalan, 2009). 
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5.3.  Conclusion 

This Chapter explored the efficacy of using linguistic variables, which in turn are 

supported by fuzzy numbers within a decision matrix.  Even though the usage of the 

functionality, Options vs Fuzzy Criteria Matrix, has been demonstrated through 

specific case study pertaining to the land selection for biofuel production in the 

Philippines, the functionality has the flexibility to provide decision support for a wide 

spectrum of analogous decision making problems characterized by the presence of 

linguistic variables and imprecise boundaries between them. 

 

Meanwhile, it is reasonably easy to realize the limitations of the proposed 

methodology. Options vs Fuzzy Criteria Matrix is deficient in its capabilities and 

realistic projections of performance of policy strategies for sustainable biofuel 

production. This Chapter stops short of exploring the full dynamics of fuzzy set 

theory. This is discussed in Chapter 6 which gives a more rigorous theory of fuzzy 

sets and their application in mapping a suitable crop onto the desired geographical 

region.  
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Chapter 6:  Evaluating Land for Crop Cultivation Using Fuzzy Logic 
 

The focus of this Chapter is to introduce fuzzy set theory and build a fuzzy 

mathematical model to pinpoint suitable geographical zones for cultivation of biofuel 

crops.  

 

Recent years have seen a widespread interest in biofuels crops as a solution to the 

world's energy needs, particularly in light of concerns over greenhouse-gas emissions. 

Biofuel crops continue to be promoted and planted worldwide. But, there many 

pressing issues related to biofuel production, such as the potential invasion of plant 

species and problems of diverting arable land from food crop cultivation (which may 

endanger food security). Despite this, planting of biofuel crops continues to remain 

largely unregulated. The significance of the present study can be seen in this context 

wherein we attempted to build a model, based on fuzzy logic, which can provide 

support to identify potential site for growing the selected biofuel crop. 

 

The decision making process related to sustainability such as the one undertaken in 

the present study is subjective. In order to build an appropriate model that can 

represent the problem adequately, we make use of the fuzzy set theory.  

 

6.1.  Study Area  

The study area is the Philippines for which the geographical options are defined in 

terms of agro-ecological systems or Pedo Ecological Zones (PEZs) of the Philippines. 

The PEZ are broad ecological resource management regions classified on the basis of 
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geographical factors such as elevation, slope and temperature (Land Resources 

Information Systems in Asia, 2000). The classification includes three PEZ options, 

namely: Warm Lowlands, Warm-Cool Uplands and Cool Highlands. 

 

PEZ, like most other systems in the real world, can be quantified in terms of linguistic 

descriptors that in turn can be linked to numerical information. The linguistic 

descriptors make use of linguistic variables while describing the features of a given 

system. In the present case, the features of the agro-ecological system such as 

Elevation, Slope and Temperature have been described in linguistic terms LOW, 

MEDIUM, and HIGH that have overlapping membership functions. The case study 

illustrates how fuzzy logic can fruitfully be used to determine the optimum potential 

region (PEZ) for cultivating a given crop from a geographical perspective among the 

various suitable regions in the Philippines. As already pointed out, selection of a 

suitable region is important before embarking on biofuel crop cultivation as the 

benefits and constraints offered by a given agro-ecological zone greatly impact the 

dynamics of agricultural production of the relevant agro-ecologically feasible 

cropping activities (Land Resources Information Systems in Asia, 2000). 

The membership functions of PEZs are described by TFN’s (Triangular Fuzzy 

Numbers14). The TFN’s used for expressing the linguistic characterizations of each 

PEZ are extracted from the data range of criteria, namely elevation, slope and 

temperature that constitute these zones. The interval range [x, y] for each PEZ and 

each criterion within it is converted to the symmetric TFN as [x, z, y], where z is 

taken as the midpoint of x and y. It is computationally advantageous to read the 

                                                           

14 Triangular Fuzzy Numbers are used to describe the values of criteria between a range of values [a, b 
,c] where a is the lowest possible value, c the highest possible value and b is the most probable value. 
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membership value of the crop C fuzzy data from the membership graphs of the PEZ, 

TFN’s.  

 Table 6.1 lists the data describing the three salient features of the three PEZ of the 

Philippines : 

PEZ ↓ ELEVATION SLOPE TEMPERATURE 

Warm 

Lowlands 

LOW                      

(0-110m) 

LOW                     

(0-8%) 

HIGH             

(>250C) 

Warm Cool 

Uplands 

MEDIUM          

(100-550m) 

MEDIUM              

(0-18%) 

MEDIUM        

(220C-270C) 

Cool Highlands HIGH          

(>500m) 

VERY HIGH 

(>33%) 

LOW                

(170C-240C) 

Table 6.1: Data of Criteria Characterizing the PEZ (FAO, 2001) 

It can be observed that data describing elevation, slope, and temperature of a zone are 

not crisp but instead vary in certain ranges; thus they can be more appropriately 

modelled by linguistic expressions. Herein, the method of multifeature pattern 

recognition (see Section 3.2) is applied to this system with several fuzzy features, and 

the approaching degree concept is used to compare each new data pattern (in this 

case, it is the crop) with some known data patterns (those of the PEZ).   

 

6.2.  Selection of a Suitable Geographical Region for a Given Crop 

The membership functions of the linguistic variables describing the criteria related to 

elevation, slope, and temperature have been derived from the fuzzy data presented in 

Table 6.1. The membership functions are taken as symmetric TFNs, with three control 

points taken respectively as the lower end of the data range, midpoint of the data 
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range, and the upper end point of the data range. The triangular fuzzy membership 

functions are illustrated in Figures 6.1(a) to 6.1(c).  
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Figure 6.1a: Membership Functions of Elevation 

 

Figure 6.1b: Membership Functions of Slope 
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Figure 6.1c: Membership Functions of Temperature 

Next, the values of the crop data are mapped onto the membership functions of the 

three attributes created above. For the sake of displaying the fuzzy logic methodology 

of approaching degree (described in Section 3.2), it is assumed that the values of the 

crop criteria can be available in crisp or fuzzy forms.  

 

Case 1: Values of the Crop Criteria are Crisp 

Consider the case when the given crop data with respect to the three attributes is 

available in crisp form. 

 

In this example, assume the crop to be grown is “wheat”. The aim is to identify the 

most suitable geographical zone among the three PEZ for cultivation of wheat. The 

criteria of elevation, slope and temperature that describe a given crop are presented as 

crisp numbers in Table 6.2: 

CROP ↓ ELEVATION SLOPE TEMPERATURE 

Wheat 1500m 15% 17.50C 

Table 6.2: Wheat Data (FAO, 2010) 

The present method proceeds by checking the suitability of all the three PEZ, for the 

purpose of cultivating wheat, using data in Table 6.2, membership functions, and the 

multifeature pattern recognition theory build in Section 3.2.  

 

Consider the analysis of warm lowlands. 

The elevation requirements of wheat (1500m) fall outside the range of the linguistic 

variable LOW that describes the elevation of the warm lowlands. Hence, µ(elevation) 

= 0. Similarly, the slope requirements (15%) and the temperature requirements 
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(17.50C) of wheat also fall outside the respective ranges of the linguistic variable 

LOW and HIGH that describe the slope and temperature respectively of the warm 

lowlands. Hence their membership values are all zeros. 

  

By checking the suitability of the warm cool uplands for the purpose of cultivating 

wheat, it is found that the elevation requirement of wheat (1500m) falls outside the 

range of the linguistic variable LOW which describes the elevation of the warm cool 

uplands. Hence, the corresponding µ(elevation) = 0. The temperature requirement of 

wheat (17.50C) also falls out of the range of the linguistic variable MEDIUM that 

describes the temperature of the warm cool uplands. So, µ(temperature) = 0, while the 

slope requirement of wheat (15%) falls within the range of the linguistic variable 

MEDIUM that describes the slope of the warm cool uplands. As can be seen from 

Figure 6.2, µ (15% slope) = 0.35. 

Figure 6.2: Slope Requirements of Wheat Corresponding to the Linguistic 

Variable MEDIUM of Warm Cool Uplands 



82 

 

Consequently, the approaching degree of wheat to warm cool uplands is given by 

( ) ).()()(, 321 etemperaturwslopewelevationwuplandscoolwarmwheatAD µµµ ++=

     

                                          .1166.0)035.00(
3
1

=++=
                         (6.1)

 

 

Again, for the suitability of the third PEZ cool highlands for cultivation of wheat, the 

elevation requirement of wheat (1500m) falls within the range of the linguistic 

variable HIGH that describes the cool highlands. In this case, µ (elevation) = 1, as can 

be seen in Figure 6.3. 

The triangular fuzzy membership function of elevation is as illustrated in Figures 

6.1(a).  

 

 

Figure 6.3: Elevation Requirements of Wheat Corresponding to the Linguistic 

Variable HIGH of Cool Highlands. 

 

The slope requirement falls outside the range of VERY HIGH, and so µ (slope) = 0, 

while the temperature falls within the range of variable LOW, and as can be seen from  

Figure 6.4, µ (temperature) = 0.49. 
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Figure 6.4: Temperature Requirements of Wheat Corresponding to the 

Linguistic Variable LOW of Cool Highlands. 

 

Using the approaching degree concept, it is clear that the AD(wheat, cool highlands) 

= 1.49/3 (i.e. 0.4966). The maximum matching degree corresponds to the option of 

cool highlands and hence it is recommended for cultivation of wheat. 

 

Case 2: Values of the Crop Criteria are Fuzzy 

Next consider a case where the criteria of elevation, slope and temperature describing 

the requirements of a given crop are presented as fuzzy numbers, within ranges of 

values.  For instance, in the case of corn, the data is as follows. 

CROP ↓ ELEVATION SLOPE TEMPERATURE 

Corn 1300-1600m 0-9% 80C- 340C 

Table 6.3: Corn Data 

Here the elevation and slope data has been obtained from PEZ and the temperature 

data has been obtained from Corn Data of FAO (2010).  
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On checking the suitability of warm lowlands for the purpose of growing corn it was 

found that the elevation requirement of corn (1300-1600m) falls outside the range of 

the linguistic variable LOW which describes the elevation of the warm lowlands. The 

same is shown in Figure 6.5, and thus μ (elevation) = 0.  

 

Figure 6.5: Elevation Requirements of Corn Corresponding to the Linguistic 
Variable LOW of Warm Lowlands 

 

On the other hand, the slope requirement (0-9%) falls within the range of variable 

LOW, shown in figure 6.6, that describes the slope of the warm lowlands (upper slant 

line segment) and slope membership function of the corn data (lower slant line 

segment) superimposed on same graph. Therefore, 
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Figure 6.6: Slope Requirements of Corn Corresponding to the Linguistic 
Variable LOW of Warm Lowlands 
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  max {min [1Λ1), (0.65Λ0.7), (0.3Λ0.35), (0.2Λ0), (0Λ0)]}   (6.2)Low x =  

                  = 1 

   = max {min [1V1), (0.65V0.7), (0.3V0.35), (0.2V0), (0V0)]}  (6.3)Low x⊕  

                    = 0 

 

The temperature requirement (80C-340C) falls within the range of the variable HIGH 

that describes the temperature of the warm lowlands, demonstrated in figure 6.7. The 

figure 6.7 is the superimposition of two membership functions characterizing the 

temperature of corn (left graph) and linguistic variable LOW for the warm lowlands. 
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Figure 6.7: Temperature Requirements of Corn Corresponding to the Linguistic 
Variable LOW of Warm Lowlands 

 
  max {min [0Λ0), (0.52Λ0), (1Λ0), (0.42Λ0.45), (0.44Λ0.44), (0Λ1)]}  (6.4)High x =  

                 = 0.44 

                 
                

 = min{max[0 0), (0.52 0), (1 0), (0.42 0.45), (0.44 0.44), (0 1]}  (6.5)High x⊕ V V V V V V  

                = 0 

Now calculating the approaching degree value of warm lowlands for corn: 

 

AD =
1
3

[(Low • x) + (Low ⊕ x)
2

+
(Medium • x) + (Medium ⊕ x)

2
+

(High • x) + (High ⊕ x)
2

]
             

          (6.6)
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1 1 + 0 0.44 + 0 =  + 0 + 
3 2 2

AD  
  

 

       = 0.24 

Similarly, checking the suitability of the warm cool uplands for cultivating corn, we 

find, µ(elevation) = 0, µ(slope) = 0, and µ(temperature) = 0. Thus, the approaching 

degree value is zero. In the case of cool highlands also, the approaching degree of 

corn turns out to be zero as µ = 0 for all three linguistic criteria, elevation, slope, and 

temperature. It may be observed from the analysis that warm lowlands are best suited 

for cultivation of corn. 

  

6.3.  Discussion and Conclusions 

The decision making process related to sustainability is a subjective issue (Musters, 

1998).  As a means of supporting this subjectivity, fuzzy set theory enables the linking 

of human perceptions (expressed in linguistic variables) with numerical data. In this 

study, we have demonstrated and implemented the concept of approaching degree 

described using a fuzzy logic multifeature pattern recognition tool. The strength of 

the approach tested herein lies in integrating fuzzy logic in the important decision 

making process for identifying appropriate land for cultivation of crops. The approach 

is very flexible in the sense that it can be applied to the situations where the exact data 

is not available and information on land and crops is limited to the vague subjective 

descriptions. Although, the approach is illustrated through simple example for the 

sake of describing the working mechanism, but it can easily be extended to large case 

scenarios involving many criteria, features, and crops.  
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However, in spite of these benefits, fuzzy set theory does not allow for explicit 

inclusion of stakeholder viewpoints, preferences and judgments within the decision 

making process. Given that the issue of biofuel sustainability has multiple 

stakeholders (from farmers to policy-makers in government); the inclusion of their 

viewpoints is indispensable to sustainability related policy design. Hence, in order to 

allow for the explicit inclusion of stakeholders preferences along with the numerical 

data, it is proposed to use the Analytical Hierarchy Process, a technique of MCDM. 

The Chapters to follow will provide a detailed overview of the AHP methodology and 

the working of the AHP software designed on the basis of the proposed methodology 

in the case studies. Further, a detailed analysis of the methodologies and the software 

that made use of the concepts of fuzzy set theory, AHP, Fuzzy AHP, has also been 

carried out. 

 

Finally it should be noted that the author did not develop software functionality for 

the fuzzy mathematical model included in this Chapter. The reason is that the 

Compendium Software lacks a specific fuzzy set support which makes the software 

capture the readings from the membership functions very difficult. To enable such a 

capability in software would involve creation of complex fuzzy toolbox/graphics 

software which is outside the scope of the current research. 

 

Moreover, the present model is deemed deficient because of the following:  

• Although fuzzy mathematical model developed has the ability to recommend 

the most suitable option, it is unable to recommend options and policies for the 

long term future which is indispensable as far as policy design is considered.  
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• In the present model, the subjectivity of expert with linguistic expressions 

makes it very difficult to achieve a single consensus or group consistency (Iyer 

and Sagheer, 2007). This means the same linguistic variable may be 

interpreted in vastly different manners by different stakeholders in the group, 

thereby rendering ineffective as far as Group Decision Support (GDS) goes. 

GDS is an interactive, computer based system that facilitates the solution of 

problems by a set of decision makers working together as a group (DeSanctis 

and Gallupe, 1987).  

 

On the contrary, AHP is well suited to group decision-making as it provides a logical 

means of synthesizing judgments which are easily tracked through computations and 

may be revised as the situation warrants (Dyer and Foreman, 1992).  

Keeping in the mind the shortcomings of the fuzzy logic multifeature pattern 

recognition model that has been developed, it has been decided to overcome these by 

incorporating an AHP Matrix whose details are discussed in Chapter 7.  This 

redefinition has offered a much more detailed investigation of sustainable biofuel 

production, integrating those variables and policies which can improve biofuel 

sustainability in long term. 
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CHAPTER 7: THE AHP CASE STUDY FOR BIOFUEL 
CROP CULTIVATION 

 

This Chapter includes a case study carried out for selection of a suitable option from 

various biofuel crops such as sugarcane, maize, jatropha. This case study illustrates 

how AHP can fruitfully be used to determine the optimum biofuel crop from an agro-

environmental and technical perspective. Selection of a suitable agricultural crop for 

biofuel production is necessary in order to address the sustainability concerns 

surrounding biofuel production.  

 

7.1  Criteria and Options Priority Weights 

The AHP methodology is applied to the study of agricultural crops that may be used 

for biofuel production. Therefore in the present methodology, the selection of the crop 

is based broadly on three criteria- Environmental, Agricultural and Technological15. 

These criteria in turn are divided into a number of sub-criteria. The data related to the 

chosen criteria and their sub-criteria for different biofuels crops is shown in Figure 

7.1, where P (High) and P (Low) represent the highest and lowest possible values for 

a particular criterion in the geographical region. The case study in the present Chapter 

is carried out for India (data taken from Appendix 2). 

                                                           

15 From a survey of literature on biofuel sustainability it appears that important reasons for selecting 
one crop over another can be described in terms of criteria that are environmental, agricultural and 
technological in nature (RSPO, 2008). Some of the environmental and agricultural aspects of biofuel 
sustainability have already been discussed in detail in Chapter 2. 
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Figure 7.1: Actual Data of Crops 

 

The AHP analysis is performed on a four level hierarchy (Chapter 3). The first level 

of hierarchy compromises the goal, which in the present case is to select an 

appropriate biofuel crop for a Indian region. The second level consists of the 3 

criteria: environmental, agricultural and technological. The sub-criteria constitute the 

third level of hierarchy. The final fourth level has 7 biofuel crops options from which 

to choose from. The 7 biofuels considered are sweet sorghum, soybean, sunflower, 

rapeseed, jatropha curcas, maize, and sugarcane.  

 

First, the pairwise comparisons of the three criteria are created by listing the 

preference for one criterion over another on the scale of 1-9 ( explained in Chapter 3). 

A 3x3 matrix depicted in Figure 7.2 is formed. As this is purely an illustrative 

example, weightings have been chosen by the author. It is important to mention here 

that the entries in Figure 7.2 are determined by the user according to his or her 

preference. For instance, the value of a12 = 0.304  implies that according to the 

stakeholder perception, the agricultural criteria is only 0.304  times the relevance of 

the environmental criterion. Moreover, for this matrix, the consistency ratio (CR) = 
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0.013 < 0.1 (value taken from Figure 7.5), showing that this matrix is acceptably 

consistent, and hence the analysis can proceed further.  

 

Figure 7.2: A Pairwise Comparison Matrix of Criteria 

 

Next, the sub-criteria relevant to each of the criteria that have been identified and 

incorporated within the decision matrix. Figure 7.3, indicates that the agricultural 

criterion has been decomposed into five constituent sub-criteria which are land under 

cultivation, yield/hectare, precipitation tolerance, soil pH, and water requirements. 

Subsequently, pairwise comparisons that indicate the importance of one sub-criterion 

over another are entered. 

 

Figure 7.3: Pairwise Comparison Matrix of Sub-Criteria with respect  
to Agricultural Criterion 
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The same procedure is adopted to compare  the remaining sub-criteria with respect to  

each of their preceding criteria, environmental criteria and technical criteria on the 1- 

9 Saaty scale. The other two sub-criteria matrices obtained are found to be consistent 

with CR = 0.01914 and 0.03721 respectively (which are < 0.1).  

 

Similarly we proceed to enter the pairwise comparisons pertaining to each of the 

options. This is owing to the fact that stakeholder preferences for the options may 

vary for each individual criterion (Saaty, 2005). 

 

Figure 7.4: A Pairwise Comparison Matrix of Options with 
respect to Agricultural Criterion 

 
Using the maximum Eigenvalue and eigenvector method of Saaty (1980), as 

explained in Chapter 3, the local priority weights of the criteria (wc), sub-criteria (wsc) 

and that of the options (w0) are calculated. These other weights are subsequently used 

to obtain the composite weights/ absolute weights. The values of these priority 

weights are obtained from Figure 7.4 and tabulated in Table 7.1 for the agricultural 

criterion (where calculation of global weights is shown).  
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Figure 7.5: Priority weights of Criteria 

 

Criteria Priority 
Weight of 
Criteria 
(wc) 

Priority 
Weight of 
Sub-
Criteria 
(wsc) 

Global/Absolute 
Weight of Sub-
Criteria 

Priority 
Weight 
of 
Options 
(wo) 

Global Weights 
(wg) 

 

 

Agriculture 

 

 

0.236 

0.492 

0.144 

0.243 

0.039 

0.082 

0.236*0.492=0.116 

0.236*0.144=0.034 

0.236*0.243=0.057 

0.236*0.039=0.009 

0.236*0.082=0.019 

0.267 

0.089 

0.245 

0.02 

0.039 

0.069 

0.272 

wg of option1 
(sweet sorghum): 

0.267*0.116 

0.267*0.034 

0.267*0.057 

0.267*0.009 

0.267*0.019 

 

Table 7.1: Calculation of the Absolute Weights 

 

After obtaining the absolute weights for a given set of decision parameters from the 

AHP, the decision maker can now compare different options available on the basis of 

quantitative data. However, before doing so, the conditioning of data needs to be 

done. 
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7.2.  Data Conditioning: Indexing and Grading the Data 

The data collected for the purpose of selecting an optimum option from a number of 

available alternatives may be of different units and orders of magnitude. Hence, there 

is a need to condition the data into similar units by the use of data conditioning 

techniques like normalizing or indexing. For the purpose of the present research, 

indexing of data has been carried out as it allows the data to be expressed in the form 

of dimensionless ratio. This is achieved by dividing the numerical data by a single 

performance value with the same units. For the purpose of indexing the actual data 

(Figure 7.1), the element in the first cell of each row is regarded as the base and the 

rest of the elements in that row are divided by it to generate the ratio scales (Chee 

Tahir, 2006). An optional provision for grading of indexed data is provided which 

allows users to scale and order the indexed quantitative data so it falls within the 

range of a specifically chosen scale. The quantitative data may be graded using the 

linear interpolation equation (Chee Tahir, 2006):  

                                                       ,100∗
−
−

=
owlighh

owldata

PP
PP

S
     (7.1) 

where Pdata is the numerical data of the given criteria and Phigh and Plow are the 

limiting values corresponding to respectively the best and the worst case for the given 

criterion in the given area of study.  
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Figure 7.6: Graded Data 

 

The graded data seen in Figure 7.6 and the global weights Wa obtained from Table 7.1 

are used to derive the final ranking of the 7 options by using the expression: 

16

1

, 1, ,7.a
oi ij ij

j

Total Marks S W i
=

= ∗ =∑ 

            (7.2)
 

Here, oiMarksTotal denotes the total marks obtained by the i-th option. The options 

are then ranked in descending order of their total marks. 

 

7.3.  Final Ranking 

With the data and absolute weights of the criteria associated with various decision 

options known, the total marks of the various options are calculated and the results 

listed in Figure 7.7. 
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Figure 7.7: Final Ranked Matrix 

 

The above analysis shows that the crop alternatives of sugarcane followed by sweet 

sorghum are best suited for biofuel production.  

 

The result is not surprising. In fact sugarcane based bio-ethanol is overall favourite 

with biofuel producers. So much so that it formed the backbone of Brazil’s successful 

Pro-Alcohol program launched in 1975 that aimed at phasing out fossil fuels like 

gasoline (used in automobiles) in favour of ethanol produced from sugarcane. 

According to Sperling and Gordon (2009), sugarcane based ethanol is the most 

successful alternative fuel to date. 

 

However, in spite of the performance benefits offered by sugarcane, according to 

Sperling and Gordon (2009) the Brazilian ethanol model is sustainable only in Brazil, 

given its abundance of agricultural resources. Policy-makers and stakeholders in other 

countries may have to explore other crop options for sustainable biofuel production 

suited to their existing resource bases. The stakeholders or policy-makers may have to 
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consider other scenarios to achieve a desired biofuel production outcome. The 

scenario planning technique provides a rational way of considering the future, not 

through the guesswork of predictions, but through testing the consequences of the 

actions and decisions of policy makers in context of different and distinct possible 

future scenarios (Darton, 2003). The use of the AHP to aid scenario planning will be 

discussed in the next Chapter. 
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CHAPTER 8:  SCENARIO PLANNING FOR 
SUSTAINABILITY POLICY DESIGN 

 

Besides determining the priorities of alternatives in MCDM problems, the AHP 

methodology has also been successfully used to inform policy design and 

management. Policy design is a dynamic and purposeful activity intended to steer a 

system from a likely outcome to a desired future outcome (Saaty, 1980).  In assisting 

the designing and choosing policies, AHP can be useful in providing a technique for 

comparing options. In context of AHP, policy planning has been studied in literature 

in the following two aspects: 

• Projected Future: Represents the future scenario when current policies remain 

unchanged and carry on into the future. 

• Desired Future: What policies are needed to achieve a desired future scenario? 

 AHP has been involved in planning and policy designing in many fields, namely, 

energy planning (Loken, 2007), natural resource management (Schmoldt et al. 2007), 

alternative waste treatment policies (Saaty, 1982), water resource policies (Mei et al. 

1989), to name a few. These studies indicate that multi-criteria decision making tools, 

like AHP,  provide better understanding of inherent features of decision problem, 

promote the role of participants in decision making process, facilitate compromise and 

collective decisions and provide a good platform for understanding the perception of 

models’ and analysts’ in a realistic scenario (Pohekar and Ramachandran, 2004). 

 

Previous Chapters have examined the importance and need of biofuels development 

as an alternative and renewable source of energy. The development of this sector 

demands both short and long range well coordinated planning, vision and execution at 

all levels. Adopting an inappropriate program may have negative impact on 
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sustainability which have not been foreseen. There are many factors, including 

geographical and economic, which influence the policy making or mission for 

achieving a gradual increase in biofuels capacity of the region. The purpose of this 

Chapter is to identify the direction of solutions and attempt to answer a question: 

What policy improvement options can be proposed to stimulate wide-scale adoption 

of the “identified biofuels crop” to be grown at large scale in the region.  

 

The present Chapter seeks for “the policies” that will gradually enhance the 

production of a given crop by some year Xfuture in future.  

In the sections to follow, an AHP analysis is performed to evaluate four possible 

policies that can be implemented to enhance the desired crop production in future. 

This is achieved through an iterative forward-backward AHP forecasting process 

(Saaty, 1980) which evaluates the set of necessary policies. The Chapter thus 

demonstrates how the AHP functionality developed as a part of this research can be 

used for supporting biofuel policy formulation.  

 

8.1.  Forward-Backward Forecasting 

Our first target is to analyze and identify the most suitable biofuel crop to be grown in 

the Indian regions with success. This is achieved through the four levels AHP 

analysis, which shall be called the first forward process.  In fact to assess the potential 

future scenarios rather than the existing biofuel crops production schemes, Poh and 

Ang (1999) advocated the use of a forward-backward planning mechanism. Using the 

AHP, the likely future is projected through forward planning to assess future 

priorities. The necessary steps or policies to achieve this intended future are found 

through backward planning or backcasting. Consequently, the forward- backward 
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planning mechanism can be thought of as a feedback controller which attempts to 

gradually tune in the overall final scenario as intended by the policy makers by 

seeking feedback from the actual stakeholders.  The details of the procedure are 

outlined below.  

 

First Forward Process    

In Chapter 7, sugarcane had been obtained as the optimum biofuels crop option 

taking into account environmental, agricultural and technical considerations. 

However, if the goal for future biofuel production in the year Xfuture is environmental 

sustainability (inclusive of agricultural consideration); the present hierarchy needs to 

be re-evaluated using only the relevant criteria to see what the preferred option would 

be in future.  The desired future is projected through forward planning. The hierarchy 

developed for this purpose is called the first forward hierarchy. This hierarchy takes 

into consideration only the environmental and agricultural criteria. The hierarchy 

continues to enjoy four level structure with two criteria at level 2, their sub-criteria at 

level 3, followed by biofuels crops options at level 4. Subsequently, the AHP analysis 

is performed on the same data except we now only have two criteria (and their related 

subcriteria) as shown in Figure 8.1. 
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Figure 8.1: Four levels AHP decision hierarchy for first forward process 

 

Figures 8.2, 8.3 and 8.4 respectively show the pairwise comparison of the 2 criteria- 

environment and agriculture, environment sub-criteria, and the 7 crops options with 

respect to environment criterion. Similar to the environment sub-criteria, the 

agriculture sub-criteria comparison matrix and the 7 crops options comparison matrix 

with respect to agriculture criterion have also been used in the analysis. 
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Figure 8.2: Pairwise Criteria Matrix at Level 1 

 

 

Figure 8.3: Pairwise Sub-Criteria Matrix related to the Environmental Criteria 
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Figure 8.4: Pairwise Comparison of Options 

 

From the data in Figures 8.2, 8.3 and 8.4, the priority weights are computed and the 

results displayed in Figure 8.5. 

 

 

Figure 8.5: Priority weights (Wc and W0) 
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Once judgments have been entered for each part of the model, the information is 

synthesized to achieve the overall preference.  The synthesis produces a report which 

ranks the alternatives in relation to the overall goal. The summary of the ranking of 

alternatives is given in Figure 8.6. 

 

Figure 8.6: Ranking of Crops based on Envirnmental and Agricultural Criteria 

 

Figure 8.6 that, from an environmental and agricultural view point, the Jatropha 

curcas is an optimum crop (as opposed to sugarcane). This is not very surprising.  For 

mitigating climate change by reducing emission of green house gases, meeting energy 

needs, protecting the environment and generating gainful employment, Jatropha 

curcas has multiple roles to play. It is a tropical plant that can be grown in low rainfall 

areas, including drought prone areas (Openshaw, 2000). Given that it is an easily 

cultivable crop which requires very low inputs, it is regarded as a suitable energy crop 

for developing countries like Tanzania (van Eijck and Romijin, 2008), India, and 

Nicaragua.  



105 

 

First Backward Process 

However, given the high value in terms of by-products and utility of sugarcane, the 

stakeholders obviously may still prefer the status quo and continue to grow more 

sugarcane for biofuels. To change this scenario and to make them shift from 

sugarcane to Jatropha curcas, policy makers need to design certain policies to 

encourage growing Jatropha. Views from the technology, the local policies and local 

socio-eco organizations, and agro industries need to be included in designing future 

policies for the desired results.  

 

The first backward process determines the actions that are necessary (and most 

effective) to achieve the predicted outcome of the first forward process. In the present 

case study, for the sake of illustration, we identify the following four possible policies 

(adapted from Poh and Ang, 1999). These are representative policies to enable 

producers to meet the expected supply scenario over the predetermined time period 

Xfuture. 

 

Policy P1 Setting a minimum % biofuel transport fuels. 

Policy P2 
Adoption of stricter emission rules (create a market demand for 
biofuels)  

Policy P3 
Providing infrastructure to increase the availability and accessibility of 
biofuels to the consumers 

Policy P4 
Provision of financial incentives to the farmers in the form of farm 
subsidies and availability of easy credit. 

 

Table 8.1: Possible Policies which may Help Achieve the  

Required Future Outcome 
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The AHP analysis is carried to rank the four policies; now the policies occupy the 

place of options at the bottom level of the previous hierarchy (Figure 8.1). Since the 

choice of biofuel options for the future year Xfuture depends on its environmental 

sustainability (along with agricultural considerations), the optimum ranking of the 

four policies is obtained taking into account the environmental and agricultural 

considerations listed in Figure 8.1. The stakeholders’ viewpoints and experts’ opinion 

are recorded again in the light of the four proposed policies. Changes in their 

preference will be reflected through the pairwise comparison of criteria and options. 

The pairwise comparison of the criteria (displayed in Figure 8.7) is carried out and it 

illustrates a situation where the preference of one criterion over another has changed.  

 

 

Figure 8.7: Pairwise Criteria Matrix 

 

Subsequently, the pairwise comparison of the policies with respect to a given criterion 

is carried out. The priority weights of the criteria and policies (options) thus obtained 
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(shown in Figure 8.8) are used to calculate the absolute weights which in turn provide 

the final ranking of the policies (shown in Figure 8.9). 

 

Figure 8.8: Priority Weights of Criteria and Options (Policies) 

 

 

 

Figure 8.9: Ranking of Policies 

 



108 

 

According to AHP analysis of the policies, policy P4 of providing financial incentives 

the farmers in the form of farm subsidies and provision of easy credit is found to be 

the best out of all policies options. This is because biofuels are usually not 

competitive (given their high production costs), financial incentives to the farmers 

such as provision of subsidy, margin money and easy loans need to be instituted to 

stimulate the demand for biofuels (Peters and Thielmann, 2008).  The Government 

should act mainly as a facilitator providing policy support and interventions / 

incentives in critical areas. 

 

Second Forward Process 

This forecasting is done to test the effectiveness and impact of the first ranked policy 

P4 selected from the first backward forecasting process on stakeholder preference of 

options. The second forecasting will seek to incorporate the stakeholders’ preference 

of one option over the other in the context of adoption of policy P4 in future. AHP is 

performed on a four-level hierarchy. The first level comprises the desired future 

scenario, the second level has two criteria, namely status quo and the predicted future, 

while the environmental and agricultural criteria form the third level of hierarchy, and 

the bottom level has 7 crops as options (seen in Figure 8.10).  



109 

 

Crop 1 Crop 2 Crop 3 Crop 4 Crop 5 Crop 6 Crop 7

GOAL : Select
the optimum biofuel crop
on adoption of policy P4

AGRICULTUREENVIRONMENT 

PREDICTED FUTURESTATUS QUO

 

Figure 8.10: Selection of optimum bio fuel crop on adoption of policy P4 

 

The AHP analysis is carried out on the hierarchy shown in Figure 8.10, and the details 
are depicted in the following Figure 8.11. 

 

Figure 8.11: New Ranking of Crops on Implementing Policy P4 
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If one now compares the total scores achieved by the two crop options of interest 

(sugarcane, jatropha) after implementing the policy P4 with that of their original score 

(Figure 7.7) before implementing the policy P4, it is seen that the Jatropha score has 

increased sharply but the sugarcane score has dropped only marginally.  

 

   Table 8.2: Forward-Backward Forecasting Analysis 

This small change in preference indicates that the policy P4 is not sufficient to shift 

the stakeholders’ preference to Jatropha. This policy needs to be implemented in 

conjunction with some other policy to reach the desired scenario of increasing the 

plantation of Jatropha. Such combination of policies can be pinpointed through 

sensitivity analysis and scenario planning. The users can go on carrying out numerous 

forward-backward iterations thereby allowing for inclusion of newer policies, 

pinpointing the best combinations of policies to obtain the desired result. 

 

To conclude, what we observe is that the scenario planning technique provides us 

with a rational way of considering the future, not through the guesswork of 

predictions, but through testing the consequences of our actions and decisions in the 

context of different and distinct possible future (Darton, 2003). Decision-makers can 

play out the possibilities of given decision policies and examine their long term 

effects (Bohensky, 2006) on the overall objective. In this process, AHP plays a useful 

role in facilitating the introduction of quantitative comparisons to the analysis of 

options. 

Iteration SUGARCANE JATROPHA 

AHP for current scenario (from Figure 7.7) 12.272 4.3986 

Second Forward Iteration (from Figure 8.11) 11.068 12.857 
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CHAPTER 9: SELECTING APPROPRIATE BIOFUEL 
CROP FOR CULTIVATION USING FUZZY AHP 

 

Crop selection is an important part of a long-term conservation and sustainability 

strategy in agro-ecological systems. At the same time, the food deficit is increasing as 

a result of increase in the population, more so in developing and under-developed 

countries (Demirel et al. 2009). In this scenario, suitable crop selection is a 

prerequisite for sustainable agricultural cultivation of biofuel crops . It involves the 

evaluation of myriad criteria such as soil, terrain, water, and of course incorporation 

of the stakeholders’ viewpoint along with experts’ knowledge.  

 

Chapter 7 described the implementation of the AHP methodology to analyse the most 

appropriate biofuels crop for cultivation in a given region. However, during the 

process of collecting the actual data, it becomes clear that the data are not very 

precise. In fact the data are seldom available as single value, but are more commonly 

in the form of ranges of values. Thus they can be truly recorded using linguistic 

variables such as LOW, MEDIUM as shown in Figure 9.1, where each linguistic 

descriptor characterizes a particular range.  
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Figure 9.1: The Linguistic Expressions for the Data Ranges 

 

Such linguistic uncertainties can be appropriately handled by fuzzy sets.  For this 

reason it is reasonable to explore application of fuzzy set theory to provide of realistic 

boundaries to the actual data. This Chapter provides an application of fuzzy AHP to a 

multi-criteria decision making problem through a case study. Although the Options vs 

Fuzzy Criteria Matrix (Chapter 5) deals with such linguistic variables within the 

decision matrix, this capability is not available for the AHP functionality. Hence, in 

order to enhance the capability of the existing AHP software functionality within 

Compendium, a provision for fuzzy AHP within the existing AHP functionality is 

also added. 

 

Fuzzy AHP is the fuzzy extension of AHP to efficiently handle the fuzziness involved 

in the data of the decision-making. It is easier to understand, and it can effectively 
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handle both qualitative and quantitative data in multi-attribute decision- making 

problems. 

 

There is a large body of literature dealing with applications of fuzzy AHP. A number 

of methods have been developed to handle fuzzy comparison matrices. For example, 

Van Laarhoven and Pedrycz (1983) suggested a fuzzy logarithmic least squares 

method (LLSM) to obtain triangular fuzzy weights from a triangular fuzzy 

comparison matrix. Wang et al. (2006) presented a modified fuzzy LLSM. Buckley 

(1985) utilized the geometric mean method to calculate fuzzy weights. Chang (1996) 

proposed an extent analysis, which derives crisp weights for fuzzy comparison 

matrices. Xu (2000) suggested a fuzzy least squares priority method (LSM). These 

methods are systematic approaches to the alternative selection and justification 

problem by using the concepts from fuzzy set theory and hierarchical structure 

analysis. However, only the method proposed by Chang(1996) offers the ability to 

quantify the data ranges in a manner appropriate for the present AHP technique. 

Decision-makers may find themselves more confident in giving interval judgments 

than fixed value judgments due to the fuzzy nature of the comparison process 

(Kharman et al, 2004). 

  

The present approach uses triangular fuzzy numbers (TFNs) for preferences of one 

criterion over another. For this, the collected data is first converted into TFNs where 

the data range (x to y) is treated as a TFN, (x, m, y), m = (x + y)/2. The data 

conversion display is shown in Figure 9.2. A crisp number, ‘a’ is treated as a TFN by 

taking it as (a, a, a).  By using the extent analysis method, the synthetic extent values 

of the pairwise comparison are calculated. 
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The methodology used for incorporating fuzzy AHP herein is known as extent 

analysis introduced by Chang (1996). It makes use of fuzzy data set and fuzzy 

weights. The preference for criteria is expressed between a range of values rather than 

the 9 point Saaty scale. The vagueness and uncertainty of the data used render the 

pairwise comparison of the classical AHP insufficient when it comes to expressing the 

relative importance of one criterion over another. Hence, in the face of such 

uncertainty, a fuzzy pairwise comparison scale is now required (Kwong and Bai, 

2002). One such scale has been listed in Chapter 3, Table 3.3. The same in the present 

case study while doing pairwise comparison in fuzzy sense.   

 

9.1.  The Case Study 

The application deals with the selection of the most appropriate biofuel crop for 

cultivation in a particular region characterized by different agricultural and technical 

diversity (Appendix 2). The problem is first modelled in a hierarchical manner similar 

to the one described and depicted in Chapter 7. However, its necessary to collect data 

for the region under consideration pertaining to various biofuel crops options accords 

to the different sub-criteria. This has been included in Appendix 2. The steps laid 

down in the extent analysis procedure are described in Section 3.3 in Chapter 3. 

 

The hierarchy has four levels. The second level of hierarchy contains 3 criteria, 

namely, environmental, agriculture and technical. The fuzzy comparison matrix is 

then generated using the fuzzy comparison measures described in Table 3.3, and the 

results are shown in Figure 9.2. 
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Figure 9.2: Fuzzy Comparison Matrix at Level 1 of Hierarchy 

 

 
A similar comparison analysis has been carried out at level three between the sub-

criteria constituting environment (8 sub-criteria), agriculture (7 sub-criteria), and 

technical (6 sub-criteria). The results are respectively depicted in Figures 9.3, 9.4, and 

9.5. These Figures also depict the various constituents forming various sub-criteria at 

level three in the hierarchy. 

 

Figure 9.3: Fuzzy Comparison Matrix for Environment Sub-Criteria 
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Figure 9.4: Fuzzy Comparison Matrix for Agriculture Sub-Criteria 

 

 

 
Figure 9.5: Fuzzy Comparison Matrix for Technical Sub-Criteria 

 
Next, consider the last and fourth level of the hierarchy wherein 7 alternative biofuel 

crops are required to be ranked in order to choose the most appropriate biofuel crop 

for cultivation in the geographical region of India. Again a fuzzy comparison matrix is 

developed for choosing between the 7 competitive crops on the fuzzy AHP scale. The 

resultant fuzzy comparison matrix is shown in Figure 9.6. 
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Figure 9.6: Fuzzy Comparison Matrix for Options 

 
The priority vector (or weights) for each comparison matrix is generated by making 

use of the mathematical expressions described in steps b) and c) in the extent analysis 

procedure in Section 3.3, Chapter 3. The results are listed in Figure 9.7. 

 

Figure 9.7: Priority Vectors for Three Levels of Hierarchy 

 

The priority vectors or weights of the all levels are aggregated to generate the global 

weights of the options. The aggregation procedure is simple and already explained in 

section 3.3. In this way the matrix of priority vectors is generated for the options. The 

order of the matrix is 21 x 7, where the 21 sub-criteria form the rows while the 7 
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biofuel crops options are represented in the 7 columns of this matrix. Note that each 

entry in the priority weight matrix is a TFN. Simultaneously, it is necessary to work 

with actual data for the region concerning the 7 crops options and all the considered 

sub-criteria (Appendix 2). The data are first indexed using sugarcane as the base 

option. For the purpose of conditioning the data, indexing is carried out using the 

rules of fuzzy division listed in Table 9.2. Table 9.1 shows how the fuzzy data are 

generally represented. 

(a11, b11, c11) 
 

(a12, b12, c12) ...... (a1n, b1n, c1n) 

(a21, b21, c21) 
 

(a22, b22, c22) ...... (a2n, b2n, c2n) 

...... ...... ...... ...... 

(am1, bm1, cm1) 
 

(am2, bm2, cm2) ....... (amn, bmn, cmn) 

Table 9.1: General Form of a Fuzzy Data Table 

 For indexing the actual data, the middle element in the first cell of each row is 

regarded as the base and the rest of the elements in the row are divided by it to 

generate the ratio scales using the principle of fuzzy division (Kaufmann and Gupta, 

1991). The principle is shown in Table 9.2. 

a11 b11
c11

b11 b11 b11

,        , a12 b12
c12

b11 b11 b11

,        , a1n b1n
c1n

b11 b11 b11

,        ,

a21 b21
c21

b21 b21 b21

,        , a22 b22
c22

b21 b21 b21

,        , a2n b2n
c2n

b21 b21 b21

,        ,

am1 bm1
cm1

bm1 bm1 bm1

,        , am2 bm2
cm2

bm1 bm1 bm1

,        , amn bmn
cmn

bm1 bm1 bm1

,        ,

------ ------ ------ ------

------

------

------

 
 

Table 9.2: Fuzzy Division in Indexing Procedure 
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The result of indexing the actual data are shown in Figure 9.8. 

 

 

Figure 9.8: Fuzzy Indexed Data 

 

Finally, the column of the indexed data matrix is multiplied with the corresponding 

column of the priority vectors matrix to generate the overall score of the 7 crops 

options.  

The multiplication of two vectors ((a1, b1, c1),...,(an, bn, cn)) and ((x1, y1, z1),...,(xn, 

yn, zn)) with fuzzy entries is to be understood as a TFN 

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The fuzzy scores so obtained are defuzzified using the centroid method, which is 

described by averaging out the TFN, say (a, b, c) by (a + b + c)/3. These defuzzified 

numbers are shown in Figure 9.9. Subsequently on summing these;  the final ranking 

of the crops is obtained. The crop with the highest total score is adjudged first rank. 

The other ranks are given in descending order of crisp total scores.    
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Figure 9.9: Total Score and Final Ranking of Crops 

  

The study indicates that sunflower is the most appropriate biofuel crop to be grown in 

the region; while rapeseed follows at second place. The analysis clearly indicates that 

by incorporating the choices of the stakeholders, even if the choices are not very 

precisely stated, the fuzzy AHP extent analysis provides a means of determining the 

most appropriate biofuel crop for the region. 

  

It may be concluded that fuzzy AHP, allows effective representation of the 

uncertainty and vagueness of subjective perception in an analysis that will help 

decision makers reach a logical decision. The technique thus allows stakeholder 

preferences which may be fuzzy to be incorporated in addition to other fuzzy data.  

 

9.2.  Scenario Planning 

After pinpointing the optimum crop for biofuel cultivation, there is a need to explore 

policies which can encourage the cultivation of the selected crop. As already 

described in Chapter 8, scenarios can contribute to the formation process of the 

sustainable policies. Broadly, the stages of scenario planning (Fahey and Randall, 

1998) are:  
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–  understanding the scenario context (in this case, formulation of polices 

encouraging sustainable biofuels crops cultivation);  

–  identifying and formulating alternatives (in this case the different policy 

alternatives);  

–  choosing among alternatives (the policy alternatives) 

–  evaluating the possible impact of executing the chosen alternative (policy).  

 

In the present study, four polices are identified for further investigation. These are 

shown in Table 9.3, and have in common that they are designed to encourage 

sustainable land utilization for biofuels crop cultivation. 
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 Policy P1 Provision of financial incentives to the farmers in the form of 

farm subsidies and availability of easy credit in order to 

encourage the cultivation of non-agricultural land 

Policy P2 Regulations of laws for land cover and usage, including fixing the 

land percentage to be devoted exclusively to food crop 

production, forests and pastures. 

Policy P3 Preparation of regulations for fertilizer production and usage of 

irrigation water 

Policy P4 Increasing productivity and diversification of agricultural 

production such that both food security and substantial biofuel 

cultivation can be achieved at the same time. 

Table 9.3: Possible Policies (adapted from Demirel et al., 2009) 

 

In the context of the present case study, the aforementioned four policies are expected 

to serve as the pathways for achieving the future goal of cultivating the selected 

biofuels crop, (in this case, sunflower). The decision maker ascribes different relative 

weights to pairwise comparison matrix for each of the future policy scenarios. The 

fuzzy AHP has been used as a means of identifying a policy which can help achieve 

the desired scenario in some future year X. The fuzzy AHP functionality developed as 

an extension of the AHP has been used for this particular scenario planning case 

study.  

 

A three-level hierarchy has been considered, where the first level comprises the goal 

of pinpointing the requisite policy for encouraging the cultivation of a given crop, the 
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second level comprises of the 3 clusters of criteria, viz., environmental, agricultural, 

and technological, while the third level comprises of the 4 policies being considered. 

 

As shown in Figure 9.10, the preference of a given criterion over another is expressed 

in terms of the linguistic variables such as EQUAL. The linguistic variables are 

quantified using the 9 point fuzzified scale of Table 3.3 in Chapter 3, where their 

values lie between lower and upper extremities, and set at their requisite locations in 

the criteria matrix as TFNs. 

 

Figure 9.10: Criteria Matrix 

 

Similarly, the preference for the policy options with respect to each of the criterion 

too is considered in Figure 9.11.  

 



124 

 

 
Figure 9.11: Preference for Options 

 

The priority vectors are then calculated, and shown in Figure 9.12. This case does not 

consider the sub-criteria and whether to include them or not  at the discretion of the 

user. In turn, these priority vectors in turn are used to rank the different policy 

options. 

 

 
Figure 9.12: Priority Weights of Fuzzy Comparison Matrices at Both the Levels 

 



125 

 

 
Figure 9.13: Ranking of Policies 

 
From the Figure 9.13, policy P4, the policy of “Increasing productivity and 

diversifying agricultural production such that both food security and substantial 

biofuel cultivation can be achieved at the same time” is regarded as best among all the 

policies considered in the context of selection of a suitable land utilization policy. In 

order to facilitate such study, a functionality namely fuzzy AHP functionality has 

been added within the AHP functionality in the Compendium software.  

 

The scenario planning study performed using the fuzzy Analytical Hierarchy Process 

functionality can also be cross checked and validated by performing a graphical 

scenario planning (see Section 9.4). 

 



126 

 

9.3.  Sensitivity Analysis 

A sensitivity analysis has been performed to see the impact of stakeholder preferences 

on the selection of the policy options.  by varying  the priority weight of criteria.  

According to Figure 9.14, a negative variation of 100% in the priority weight of the 

environmental criterion leads to the recommendation of P1 as satisfying options. The 

negative variation in priority weight can be interpreted arising out of negative 

attitudes of the stakeholders and the subsequent criteria preferences in the context of 

their attitude.  

 

 
Figure 9.14: GUI of Sensitivity Analysis 

 

Given that the present analysis deals with stakeholder preferences and uncertainty, 

this example is sufficient to demonstrate that a threshold/breakpoint of change exists 

wherein new options become suitable under the changed situation. 

The results obtained in this section, will be graphically verified on the basis of the  

Deng’s Performance Index in the section to follow. 
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9.4.  Graphical Scenario Planning 

The scenario planning study is performed using a graphical representation to analyze 

the impact of varying attitude either of stakeholders (which in this case will be 

reflected on the criteria) on ranking the policy options. The variation in stakeholders’ 

attitude stem from certain changes in situations that may affect the criteria under 

consideration or it may be due to the imprecise or incomplete knowledge of the 

decision problem being tackled. Mathematically, the stakeholders’ attitude can be 

expressed using two factors (Hsu, 1999): 

• The degree of satisfaction with the given scenario (to be represented by α). 

• Within the degree of satisfaction, the attitude of the stakeholder - pessimism or 

optimism with the scenario (to be represented by λ). 

 

The value of α lies in [0, 1], where α = 0 and α = 1 respectively signify the least and 

the greatest possible degree of satisfaction of the stakeholder (Pan, 2008). For 

instance, α = 0.8 represents 80% satisfaction level of the stakeholder with the decision 

taken or option selected. To reflect a particular degree of satisfaction regarding the 

decision-making process, the notion of α-cut is applied. Variations in the values of the 

α-cut provide for the incorporation of the impact of stakeholder attitude within the 

study (Prakash, 2003).  

L Z a
L Z a

R
R (X)

0

a

1

 

Figure 9.15: Tringular Fuzzy Interval Under α-cut (Pan, 2008) 
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For a given α  (0, 1), the α-cut of a TFN, Z, is the interval ],[ αα
RL ZZ  as shown in 

Figure 9.15.  Any point in this interval can be expressed as  

 
α
LZ + )( αα

LR ZZ − ,           for     (0, 1),          (9.1) 

 

where  is the index of pessimism of the decision maker or the stakeholder.  Here,  

= 0 (i.e., α
LZ ), represents a situation of absolute optimism while  = 1 (i.e., RZ α  ) 

represents the situation of absolute pessimism regarding the stakeholder at the 

satisfaction level α.  

 

Based on the priority weights of the criteria and options obtained (Figure 9.13), a 

matrix of criteria and policies is constructed known as the performance matrix, which 

represents the overall performance of all alternatives (here four policies) with respect 

to the three cluster criteria. A general form of a 4*3 performance matrix (Deng, 1999) 

is shown in Table 9.4. 

 Criteria C1 Criteria C2 Criteria C3 

Policy P1 (a11, b11, c11) (a12, b12, c12) (a13, b13, c13) 

Policy P2 (a21, b21, c21) (a22, b22, c22) (a23, b23, c23) 

Policy P3 (a31, b31, c31) (a32, b32, c32) (a33, b33, c33) 

Policy P4 (a41, a41, a41) (a42, b42, c42) (a43, b43, c43) 
 

Table 9.4: TFN Performance Matrix Deng’s Performance Index 

 

 

 



129 

 

Deng’s Performance Index 

To avoid the complex and unreliable process of comparing fuzzy utilities, Deng 

(1999) presented an approach for effectively solving qualitative multi-criteria 

problems based on fuzzy pairwise comparison. The α-cut concept is used to transform 

the fuzzy performance matrix representing the overall performance of all alternatives 

with respect to each criterion into an interval performance matrix. Incorporated with 

the decision makers’ attitude towards risk, an overall performance index is obtained 

for each alternative across all criteria by applying the concept of the degree of 

similarity to the ideal solution using the vector matching function. 

 

In what follows, we first describe the Deng’s approach for performing a multi-criteria 

analysis and thereby ranking of various options (in our case, the four policies) in a 

problem of fuzzy AHP involving qualitative data. A full account of this has been 

given by Deng’s (1999) work. 

 

For a general TFN, say (a, b, c), the α-interval of confidence (or α-cut) for α є (0, 1) is 

given by 

(a + α (b-a), c – α(c-b))                       (9.2) 

Where a is the lowest possible value of the given TFN, b is the middle value and c is 

the highest possible value of TFN. 

The α – cut is denoted by ],[ αα
RL ZZ , where,  

 

                               ( )LZ a b aα α= + −  ( )RZ c c bα α= + −                 (9.3) 
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The decision maker’s degree of confidence in his fuzzy assessment regarding criterion 

weight is represented by α. A larger value of α  indicates that the decision maker 

assessments are closer to the greatest possible degree of satisfaction (see Figure 9.15). 

Incorporating the decision maker attitude towards risk, a degree of pessimism is 

added in form of parameter   (0, 1). So, the risk attitude of the stakeholder at 

satisfaction level α is described by   

                                                   α
LZ + )( αα

LR ZZ − ,           for   (0, 1).    (9.4) 

 Now for a given α, the interval performance matrix ( αA ) is formulated as follows  

 Criteria C1 Criteria C2 Criteria C3 

Policy P1 ( αα
RL ZZ 1111 , ) ( αα

RL ZZ 1212 , ) ( αα
RL ZZ 1313 , ) 

Policy P2 ……. ……. …… 

Policy P3 …… …… …… 

Policy P4 ( αα
RL ZZ 4141 , ) ( αα

RL ZZ 4242 , ) ( αα
RL ZZ 4343 , ) 

Table 9.5: Interval Performance Matrix 

 

To facilitate the vector matching process of Deng (1999), the value of α  (0, 1) is 

fixed. By taking  = 0 (which means absolute optimism), we formulate the crisp 

performance matrix A (with fixed α and  = 0) from each interval’s left entries in 

Table 9.6.  

 Criterion C1 Criterion C2 Criterion C3 

Policy P1 α
LZ11  α

LZ12  α
LZ13  

Policy P2 ……. ……. …… 

Policy P3 …… …… …… 

Policy P4 α
LZ 41  α

LZ 42  α
LZ 43  

Table 9.6: Left Interval Performance Matrix for a Fixed α at  = 0 
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In lines with the ideal solution concept, the positive and the negative ideal solutions of 

the above crisp version of the performance matrix are determined. For that, first 

determine the maximum and minimum values in each column across all the 

alternatives (in this case, four policies). The maximum and minimum values of the 

column provide the positive and negative ideal solutions which are denoted by A+ and 

A- respectively and are given by  

1 2 3( , , )A Z Z Z+ + + +=  1 2 3( , , )A Z Z Z− − − −                       (9.5) 

Here, +
iZ stands for the maximum value in the ith column and −

iZ stands for a 

minimum value in the ith column (i = 1, 2, 3). 

By applying the vector matching function, the degree of similarity between each 

alternative and the positive ideal solution and the negative ideal solution can be 

calculated.  

For all rows (i=1 to 4, comprising of the policies), the synthetic values ( iS ) are 

computed: 

           ,
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where Ai stands for the ith row of matrix A. 

The larger values of +
iS  and −

iS  indicate the higher degree of similarity of 

alternative iA ’s performance to that of the positive ideal solution and the negative 

ideal solution respectively (Deng, 1999).  The overall performance index (PI) for each 

of the alternative policies (with the stakeholders’ α level of confidence and  degree 

of pessimism towards risk) is given by Deng (1999) as follows 
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                (9.6) 

Returning back to our case study, from Figure 9.12, we obtain the following 

performance matrix. 

 Criterion C1 Criterion C2 Criterion C3 

Policy P1 (0.323, 0.459, 0.587) (0.25,0.25,0.25) (0.25,0.25,0.25) 

Policy P2 (0.052, 0.075,0.126) (0.25,0.25,0.25) (0.25,0.25,0.25) 

Policy P3 (0.106, 0.199, 0.307) (0.25,0.25,0.25) (0.25,0.25,0.25) 

Policy P4 (0.186, 0.268, 0.394) (0.25,0.25,0.25) (0.25,0.25,0.25) 

Table 9.7: Performance Matrix for the Actual Case Study 

The Deng performance index values for different values of α and  in (0,1) are 

tabulated (and have been calculated using the procedures described previously) in 

Table 9.8 

 α = 0 α  = 0.5 α  = 1 

= 0 

PI1=0.618 

PI2 = 0.382 

PI3= 0.420 

PI4 = 0.489 

PI1=0.649 

PI2 = 0.35 

PI3= 0.423 

PI4 = 0.493 

PI1=0.678 

PI2 = 0.322 

PI3= 0.433 

PI4 = 0.501 

 = 1 

PI1=0.702 

PI2 = 0.298 

PI3= 0.464 

PI4 = 0.55 

PI1=0.692 

PI2 = 0.308 

PI3= 0.448 

PI4 = 0.528 

PI1=0.678 

PI2 = 0.322 

PI3= 0.433 

PI4 = 0.501 
 

Table 9.8: Deng’s Performance Indices 

.4,...,2,1, =
+

=
−+

+

i
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These results are depicted in Figure 9.16.  
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Figure 9.16: Graphical Sensitivity Analysis 

 
From Figure 9.16, it can be discerned that, in an optimistic situation, the criteria show 

consistent and sTable behaviour. Clearly, the policy P1 has the highest performance 

index out of all the policies, and hence is the best among all the policies being 

considered. This in turn implies a high consensus among stakeholders perspectives 

regarding the considered policies and stability in the ranking of the policies (Hsu, 

1999). By looking at the results of both the sensitivity analysis performed by the 
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functionality and that carried out using the graphical method, stakeholders might 

consider using a combination of policies to achieve the desired scenario. For instance, 

policies P1, P2 and P3 appear compatible with each other (Figure 9.16) in the sense 

that their impact on decision making is alike.  

 

9.5.  Evaluating the Impact of Executing the Chosen Policy 

 Fuzzy AHP study allows better reflection upon how the preference for the criteria 

and options may vary once stakeholders are informed of the impeding policy 

implementation in the future year X. This exercise closely resembles the forward 

approach of the forward-backward method as it allows the stakeholders to see what 

future options may emerge in the context of the key environmental influences. In the 

present case study, as indicated by Deng’s performance index, the policy P1, of 

providing financial incentives, is selected for implementation. 

 
 It is natural to presume that in the context of the implementation of the policy P1, the 

stakeholders’ preferences for the criteria; sub-criteria and options will be different 

from the original pairwise comparisons shown in Figures 9.2 - 9.6. Here the original 

three criteria, viz. environmental, agricultural, technological, studied for selection of a 

suitable crop option are revisited with stakeholder preferences changed to illustrate 

the effect of preferred crop. 
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Figure 9.17: Pairwise comparison of criteria 

 

 

 

 

 
Figure 9.18: Pairwise Comparison of Sub-criteria 
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Figure 9.19: Pairwise Comparison of Options 

 

 

 

 
Figure 9.20: Priority Weights for Criteria-Sub-criteria In View of Policy P1 
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The results of the analysis concluded that the prospect of implementing policy P1 

shifts the set of stakeholders’ preferences (expressed in the pairwise comparisons) 

such that the final resulting preference has shifted in towards growing jatropha as a 

biofuel crop as opposed to sunflower. 

 
9.6.  Conclusions 

By using AHP in conjunction with fuzzy set theory, qualitative judgment can be 

included effectively in the decision-making process and in making the comparison 

free from assessment bias (Mahmoodzadeh et al. 2007). This ability of fuzzy AHP, to 

incorporate uncertainty arising from subjective perception leads to a transparent 

decision making process which is consistent with uncertainties surrounding (most) of 

the parameters.  

 
This Chapter has made use of fuzzy AHP to select the most suitable biofuel crop for 

cultivation in a particular region based on the fuzzy criteria, and also provided scope 

for performing scenario planning for the future. The fuzzy AHP functionality 

incorporated within the Compendium software facilitates the selection of 

sustainability options for the long term future.  

 

Finally, it may be observed that by using fuzzy AHP, uncertainty and vagueness from 

subjective perception and the experiences of decision-maker can be effectively 

represented to reach to a more effective decision.  
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CHAPTER 10: RESULTS ANALYSIS, DISCUSSION  

AND CONCLUSIONS 
 

Decision-making is a subjective process and there exists uncertainty even when 

highly technical knowledge is incorporated. This is especially true for sustainability- 

related policy design/decision making. According to Mitchell et al. (2004), 

sustainability asks us to step away from the role of the “objective decision maker” and 

enter the complex value laden realm of social priorities, social acceptability and 

participatory processes.  This requires us to understand and account for the various 

uncertainties related to the decision making process and sustainability issues which go 

beyond statistical imprecision.  

 

That alone informs the philosophical foundation of the present research. From an 

engineering perspective, the present study aim has been interpreted as designing a 

(software) system that allows for decision support which will enable both the 

selection of sustainable biofuels production related options (both in the immediate 

present and in the future) and policy design that will lead to the selection of 

sustainable options. Essentially the software system aims to provide decision-makers 

of diverse academic and professional backgrounds with a comprehensive system from 

which to launch in-depth investigations that are specific to unique scenarios. 

 

This Chapter details the results, inferences and conclusions obtained from various 

case study models developed using different functionalities developed as a part of this 

research. The data in the case study models are taken for the Philippines (Chapters 5 

& 6) and for the India (Chapters 7 to 9), and is presented in Appendix 1 and Appendix 
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2 respectively. However, the models and the functionalities developed herein are 

general and can directly be implemented to any other bio- geographical, agro-

ecological, technical data. 

 

10.1.  Results and Discussion 

The initial functionality developed herein, as an extension of the Compendium 

software, is the Options vs Fuzzy Criteria Matrix. This made use of fuzzy set theory 

as a means of allowing the incorporation of criteria whose values are best described 

using linguistic values. Using this functionality, the case study models, pertaining to 

land resource usage has been developed in Chapter 5 in which the evaluation of 

options has been undertaken with respect to both qualitative and quantitative criteria. 

The options of “class B” type of land has been identified through these models. This 

functionality has a further provision of performing a sensitivity analysis on the fuzzy 

criteria using linguistic variables. Such a sensitivity analysis has been performed on 

the fuzzy criteria, “Range of Growing Season” by varying its value from VERY LOW 

to VERY HIGH, after which, the option of land type, class Y has been recommended. 

This sensitivity analysis helped identify the criterion, the variation of whose value 

would impact the selection of options.  

 

The aforementioned functionality provides support for obtaining solutions by 

identifying the satisfactory options and the fuzzy criterion influencing the 

recommendation of options.  

 

The present study also demonstrated and implemented (Chapter 6) the concept of 

approaching degree described using a fuzzy logic multi feature pattern recognition 
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tool. The strength of the approach tested herein lies in integrating fuzzy logic in an 

important decision making process for identifying appropriate land for cultivation of 

crops. The approach is very flexible in the sense that it can be applied to situations 

where the exact data are not available and the information on land and crop is limited 

to vague subjective descriptions. In such circumstances, the model indicates that, in 

the Philippines, the PEZ of cool highlands and warm lowlands are most suited for 

cultivation of wheat and corn respectively. 

 

However, Options vs Fuzzy Criteria Matrix and Multifeature Pattern Selection are not 

sufficent to provide support for recommending options and policies for the long term 

future. As a consequence, the Multi Criteria Decision Making (MCDM) technique of 

Analytical Hierarchy Process (AHP) and Fuzzy AHP was then incorporated within 

the Compendium software as a means of selecting sustainability options for the long-

term future and providing a framework for formulating and testing the decision 

policies aimed at achieving sustainability. 

 

The software functionalities of AHP and Fuzzy AHP allow for prioritizing the various 

criteria and their relevance to the designated goal. By establishing a single, long-term 

objective of providing a comprehensive model for sustainable biofuel production, 

policymakers can evaluate the impact that various strategies have on sustainability 

options pertaining to biofuels crops cultivation. For policymakers, the ability to 

evaluate such scenarios is ideal, because, based on varying circumstances, the 

adjustments to the sustainability policies might be necessary.  
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The case study models developed using the AHP functionality allowed for  

pinpointing a crop, namely sugarcane for biofuel production (Chapter 7). Seven 

crops were compared with respect to environmental, agricultural and economic 

criteria and their sub-criteria. This functionality allowed for the incorporation of both 

the stakeholder preferences and data related to these crops within the decision making 

process. 

  

Using the same functionality, a further model has been developed that showed its 

efficacy in supporting policy decisions. Chapter 8 demonstrates how the AHP 

functionality can allow us to analyze the policies aimed at meeting a future goal 

related to environmental sustainability (inclusive of agricultural considerations).  The 

AHP analysis was carried out to rank four plausible policies identified as a means of 

achieving the desired future goal. According to the AHP analysis of the policies, 

policy P4 of providing financial incentives to farmers as farm subsidies and provision 

of easy credit is found to be the best out of all other policy options. 

 

Finally, AHP has again been put to use as a tool for providing support for scenario 

planning by evaluating the plausible impact of implementation of policy P4 in the 

future. Hence, it can be seen that the Analytical Hierarchy Process functionality 

supports scenario planning and policy design by providing a venue for testing new 

decision policies by manipulating forces and potential responses to them in an 

experimental environment. The AHP functionality is now put to use as means of 

assessing the potential future scenarios rather than existing biofuel crops production 

schemes. This is achieved by means of a forward-backward planning mechanism. The 

revised model which focused on the agro-environmental sustainability as a founding 
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performance component identified jatropha as a suitable crop for sustainable biofuel 

cultivation. The can be confirmed by the means of sensitivity analysis. 

 

As observed, the data collected for selection of a suitable crop are mostly fuzzy (lying 

between a range of values). For this reason, it has been decided to use a combination 

of the two concepts, namely the fuzzy set theory and MCDM (in the form of AHP) to 

extend the scope of existing AHP functionality by incorporating an extent analysis 

based Fuzzy AHP. The Fuzzy AHP functionality has been used to aid a decision 

making problem which revolves around suggesting the most suitable crop type for 

biofuel crops cultivation in India. 

 

In Chapter 9, the case study based model developed using the Fuzzy AHP initially 

recommended sunflower as the ideal biofuel crop. Appropriate policies were 

explored and pinpointed as a means of encouraging the cultivation of the given crop. 

 

Fuzzy AHP was then used for evaluating various policy scenarios to promote of the 

desired crop Policy P1 of providing financial incentives to farmers has been 

pinpointed ideal for encouraging the cultivation of non agricultural biofuels crop. This 

has also been validated by evaluating the policies using Deng’s Performance Index 

method. Policy analysis has been carried out using Deng’s Performance Index further 

as a means of testing the robustness of the Fuzzy AHP functionality. As an additional 

advantage, this study permitted the identification which policy combinations will be 

optimal in the context of the varying stakeholder attitude of regulations for land cover 

and usage has been pinpointed as an ideal policy for encouraging the cultivation of 

biofuels crops of land other than the arable land. This has also been validated by 
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evaluating the policies using Deng’s Performance Index method. Policy analysis has 

been carried out using Deng’s Performance Index further as a means of testing the 

robustness of the Fuzzy AHP functionality. As an additional advantage, this study 

identified which policy combinations are likely to be optimal in the context of the 

varying stakeholder attitude. 

 

Hence in conclusion, fuzzy Analytical Hierarchy Process functionality can be used 

not only to recommend satisfactory options but also to provide a framework for 

formulating and testing decision policies geared at achieving a particular future goal 

or scenario. 

 

10.2.  Contributions of the Research 

The research has fulfilled its objective of designing a system to support policy design 

for sustainable biofuel production by extending the functionality of the benchmark 

software Compendium. This has been done by the incorporation of the following 

functionalities which allow for the integration of objective measurements with value 

judgements in the decision making process: 

• Options vs Fuzzy Criteria Matrix: Allows for the inclusion of qualitative 

criteria (by the use of fuzzy logic) along with quantitative criteria as a means 

of finding robust solutions to the issues being dealt with. Integration of 

sensitivity analysis allows the users to calculate the potential impact a variety 

of occurrences (expressed in terms of linguistic variables) may have on the 

recommendation of the options. 

• Analytical Hierarchy Process: Allows for combining factual data and 

stakeholder preferences (in form of pairwise comparisons) to recommend 
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possible options and policies which may help achieve the desired future 

sustainability goal. The users can further play out the possibilities of the given 

decision policies and examine their long term effects. Through the provision 

of sensitivity analysis, the impact of varying stakeholder preferences 

(represented in terms of variation in criteria weights) can be assessed on the 

selection of options. 

 

• Fuzzy Analytical Hierarchy Process: Combines the distinct features of both 

AHP and fuzzy logic to allow for estimate preference comparisons for the 

criteria and alternatives in terms of linguistic variables. Like the AHP 

functionality, fuzzy AHP provides support for assessing the possibilities of 

the given decision policies and examining their long term effects. 

 

The present software has been designed not only to provide insight not only into the 

performance of each of the sustainability options within the current regional 

constraints and but also to help identify sustainability options and formulate policies 

over a pre-established time-frame. However, the greatest benefit of the software stems 

from the fact that it can be used by decision-makers coming from a variety of 

backgrounds and who do not possess either programming skills or in depth knowledge 

of the concepts of fuzzy logic and MCDM utilized for software development. 

 

10.3.  Scope of Future Improvement in the Research 

Development of a software model based on fuzzy logic multifeature pattern 

recognition (described in Chapter 6) would be a natural enhancement of the present 

research. A standalone model could be created using Matlab (which allows for high 
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level mathematical programming). It is strongly recommended that future research be 

conducted using data from field study based surveys. It is expected that by doing so; 

socio economic criteria can find a better representation in the decision support 

models. In order to access information about the biofuel production systems in terms 

of relevant data and practices possibility of enhancing the current work with the use of 

Geographical Information Systems (GIS) should be explored. A GIS system provides 

the basis of different physical environmental criteria such as energy output/input ratio, 

environmental costs and design of different alternatives on a crop wise basis (Tiwari 

et al. 1999). Availability of in depth GIS data pertinent to land attributes could enable 

the identification of the possible changes that may take place in net primary 

productivity, carbon sources and sinks and biodiversity related concerns (Turner et al. 

2007). These in turn can allow for the inclusion of a greater number of criteria and 

options within the decision making process. Finally, a commodity chain analysis/life 

cycle analysis may be carried out to allow better qualitative and quantitative insights 

into the sustainability related issues pertaining to biofuel production by increasing the 

scope of decision parameters that one may consider. Life cycle analysis enables this 

by helping us quantify the environmental impacts of a given system (from cradle to 

grave) and express environmental performance in terms of quantified environmental 

impact categories (Mitchell et al. 2004). The standard commodity chain analysis can 

be further enhanced by inclusion of biomass monitoring and landscape-scale analysis 

of a given region with significant pressure from agriculture commodity production 

(Morel and Morel, 2009). 
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10.4.   Conclusions 

The present research recognises the inherent sustainability challenges in biofuels 

production and provides a software tool which allows for the incorporation of the 

stakeholders’ preferences and relevant data in order to provide the decision support 

for policy formulation. The concepts of fuzzy logic, Analytical Hierarchy Process and 

a combination of the two, i.e. Fuzzy AHP have been utilized in developing the 

software functionalities. 

 

According to Belton and Stewart, (2002), “through organization, synthesis and 

appropriate presentation of information, policy makers can be guided into identifying 

a preferred course of action and achieve a more satisfying option”. Ultimately, the 

relationship between situational analysis and policymaker decisions is founded on 

unique scenarios and diverse variables, an analytical capability that this software 

system endeavours to provide. The social, economic, and environmental parameters 

pertaining to biofuels production can be incorporated within the framework of the 

software to aid the development of different sustainability models and relevant 

policies, making the utility of software easily transferable across a wide range of 

geographic regions, and diverse stakeholder viewpoints. 

 

This research addresses a deficit in the field of sustainable biofuel research, 

highlighting the benefits of a more comprehensive policy oriented system.  Policy 

research is needed to identify approaches and policy tools that would encourage the 

sustainable production of biofuels in the long term. The software system aimed at 

providing support for policy design comes is timely given that there will be a long 

term requirement of sustainable biofuels industry, demanding a sustained and 
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adaptive policy commitment that is best based on identification and analysis of the 

opportunities, risks and trade-offs, and adjusting policies as required (Bekunda, 2008). 

 

By involving field studies and experts’ knowledge in the above case studies a more 

comprehensive and concrete analysis of the cases both in the crisp and the fuzzy 

scenarios can be obtained. Therefore, while uncertainty is unavoidable in the design 

of comprehensive sustainable biofuels production polices, this form of decision 

support will allow policy makers to confirm the appropriateness of their initiatives.  

 

From both a knowledge and ethical contexts, the software system developed as a part 

of this research contributes to the larger goal of sustainability. The interactions of 

fundamental physical, chemical and biological processes have given rise to the unique 

diversity, complexity, and tenacity of Planet Earth and its inhabitants.  Acute or 

protracted environmental change, whether global or local, natural or anthropogenic, 

present a grand challenge to scientists and engineers and necessitate a coordinated, 

multi-disciplinary effort to identify and understand these changes and help define our 

role in the stewardship of planet Earth. The present research has been undertaken with 

this in mind. 
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APPENDIX 1: DATA TABLES (PHILIPPINES) 
 

The data are taken from the following sources: 

FAO Statistics: “The Philippines” Gateway to Land and Water Information 

http://www.fao.org/ag/agl/swlwpnr/reports/y_ta/z_ph/ph.htm#use,2004,YieldData:http://www.fao.org/

docrep/t4470e/t4470e05.htm 

 

Coconut: Chan and Elevitch, (2005) and http://www.fao.org/docrep/t4470e/t4470e05.htm 

Sweet Sorghum:  Elevation and % clay criteria have been retained from land resources issue. The data 

has been taken from http://plants.usda.gov/java/charProfile?symbol=SOBI2 

 

http://www.icrisat.org/vasat/learning_resources/crops/sorghum/sorghum_prodpractices/html/m12/resou

rces/1902.html and http://www.fao.org/docrep/t4470e/t4470e05.htm  

Tropical Sugarbeet: http://www.tnau.ac.in/tech/swc/sugbeet.pdf   

 

Sweet Potato: http://www.fao.org/docrep/t4470e/t4470e05.htm, Woolfe (1992) and Martin (1988).  

Percentage Humus (Table A 1.6): Kurtner et. al (2008) 

A1.1)  Range of the Growing Season 

 

Table 1.1 lists data on length of growing period measured in days in the country: 

Range Linguistic Variable Assigned Length in days 

Very Short Very Low 195 - 225 

Short Low 200 - 270 

Medium Medium 250 - 315 

Long High 300 - 345 

Very Long Very High 330 - 360 

 

Table A1.1: Range of the Growing Season (in days) 

 

A1.2)  Temperature Regimes 

Temperature regimes during the growing period are given in 0C in the Table A1.2 

Range Linguistic Variable 

Assigned 

Mean Temperatures (in ºC) 

Very  low  Very Low 10-15  

Low  Low 15-17.50  

Medium Medium 17.50 - 22.50 

High  High 22.50 - 25.00  

Very High  Very High >25.00  
 

Table A1.2:  Temperature Regimes (0C) 

http://www.fao.org/ag/agl/swlwpnr/reports/y_ta/z_ph/ph.htm#use,2004
http://www.fao.org/docrep/t4470e/t4470e05.htm
http://www.fao.org/docrep/t4470e/t4470e05.htm
http://www.fao.org/docrep/t4470e/t4470e05.htm
http://plants.usda.gov/java/charProfile?symbol=SOBI2
http://www.icrisat.org/vasat/learning_resources/crops/sorghum/sorghum_prodpractices/html/m1
http://www.fao.org/docrep/t4470e/t4470e05.htm
http://www.tnau.ac.in/tech/swc/sugbeet.pdf
http://www.fao.org/docrep/t4470e/t4470e05.htm
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A1.3)  Percent Clay 

With respect to texture, the types of 

soil include coarse, moderately coarse 

and fine based on the availability of 

percentage of clay present in the soil 

as shown in Table A1.4:Range 

Linguistic Variable 

Assigned 

Texture (% clay) 

Coarse  Very Low < 10 

Moderately coarse Low 10-20  

Moderately fine  Medium 20-30  

Fine  High > 30 

 

Table A1.3: Soil Texture (based on % Clay availability) 

 

A 1.4) Soil Depth 

The criteria of soil depth is measured in terms of centimetres in Table A1.4. 

Range Linguistic Variable 

Assigned 

Soil Depth  (cm)  

Very Shallow  Very Low 0-10 

Shallow  Low 10-25  

Medium Deep  Medium 25-50  

Deep  High 50-100 

Very Deep  Very High 100  
 

Table A1.4: Soil Depth (cm) 

 

A1.5)  Percentage Humus 

This criterion represents the presence of nutritive, organic matter in the soil. 

Range Linguistic Variable 

Assigned 

Percent Humus  

Very Low Very Low 0-2 

Low Low 2-4  

Average  Medium 4-6  

Increased Concentration High 6-8 

High Concentration  Very High 8-10 

 

Table A1.5:   Percentage Humus (Kurtner et al.,08 ) 
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A1.6)  Number of  River 

BasinsRange 

Linguistic Variable 

Assigned 

Number of River Basins  

Very few   Very Low 0- 5 

Moderately few  Low 5-22 

Many  High 20- 65 

Very many  Very High > 63  

 

Table A1.6: Number of River Basins 

 

A1.7)  Groundwater Resources Water Storage Capacity of Philippine Groundwater Resources of the 

Philippines is measured in terms of million cubic metres. 

Range Linguistic Variable 

Assigned 

Storage 

Capacity (1000*million cubic 

metres)  

Very Low  Very Low 0-2  

Low  Low 3 - 5  

Medium  Medium 5- 10  

High  High 10- 20 

Very High  Very High 20 

 

Table A1.7: Groundwater Resources (million cubic metres) 

 

A1.8)  Natural Runoff 

Available Water Supply of Natural Run-Off is measured in percentage as shown in Table A1.9. 

Range Linguistic Variable 

Assigned 

Percent Dependability (%) 

Low  Low 0-50  

High  High 0-70 

Very High  Very High 0-90 
 

Table A1.8: Natural Runoff 

 

A1.9)  Elevation 

Range Linguistic Variable 

Assigned 

Elevation (m)  

Low Low 0- 100 

Medium Medium 100-500 

High High 500-2954 
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Table A1.11: Elevation (m) 

A1.10)  Slope 

Range Linguistic Variable 

Assigned 

Slope (%)  

Low Low 0- 8 

Medium Medium 0-18 

High High 33-100 

 

Table A1.12: Slope (%) 

A1.11) Rainfall 

Range Linguistic Variable 

Assigned 

Rainfall (mm)  

Medium Medium 500-600 

High High 750-1000 

Very High Very High 1000-2000 
 

Table A1.14: Rainfall (mm) 

 

A1.12)  Topographic Slope 

Measured in terms of percentage (%) 

Range Linguistic Variable 

Assigned 

Rainfall (mm)  

Very Low Very Low 0-1 

Moderately High Medium 10-15 

High High 15-33 

Very Steep Very High 33-100 

 

Table A1.15: Topographic Slope (%) 
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APPENDIX 2: DATA TABLES (INDIA) 
 
 

INTRODUCTION 

The depleting fossil fuels, the ever increasing demand for energy and the climate changes 

have led to biofuels being considered an alternative energy source (NEPAD, 2007). 

Governments world-wide are promoting biofuels because of their low prices, high yields and 

less negative impact on the environment (Water policy brief, 2007). 

 

India is a rapidly growing economy. Second most populous country and in terms of energy 

demand ranked sixth, India imports approximately 75% of the crude oil to meet its energy 

demand (Punia, 2007). India has recently shifted its attention toward biofuels to avert a 

possible energy crisis.  

 

DATA COLLECTION METHODOLOGY 

A study of various research papers (both published and unpublished) and publications has 

been conducted for a statistical analysis of various parameters pertaining to biofuel crops. The 

utmost care has been taken to ensure credibility of the data. Authentic sources like the 

statistical and economic reports of the Indian Ministry of Agriculture and various UN 

agencies are used. This should provide a genuine knowledge bank regarding the biofuel crops 

where the area of study is as big as a country like India. 

 

ASSUMPTIONS MADE 

Assessment of the statistics related to different categories of miscellaneous parameters 

category has been made for bioethanol and biodiesel. Biodiesel is extracted from Jatropha, 

rapeseed, sunflower and soybean, whereas maize, sugarcane and sweet sorghum produce 

ethanol. As all the crops produce either bioethanol or biodiesel and the acquisition of 
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individual statistics for each parameter is not possible, a generalized assessment of bioethanol 

and biodiesel has therefore been made. 

 

The calculations are based on the assumption that they were taken under optimum condition. 

The actual readings might differ substantially from the reported ones. 

 

LOOPHOLES IN DATA 

Most of the specific data like ‘the land under cultivation’ and ‘yield’ have been taken from 

the Agriculture ministry of India but the less specific data like ‘pH requirements’, and 

‘temperature requirements’ are generalized. This is due to the fact that the concept of biocrops 

and biofuel is fairly new to India. The government is yet to establish official statistics for such 

parameters. 

 

As biocrop cultivation has recently been undertaken in India; therefore, most of the data in the 

economic parameters category is conceptual and generalized. This data may vary highly from 

the actual data hence limiting this essay to various biocrops comparisons only. 

 
 

 

 

Jatropha Maize Rapeseed Sweet 
Sorghum 

Soybean Sugarcane Sunflower P Low P High 

Agricultural 
Parameters 

         

Land under 
cultivation 
(million 
hectares)[a] 

0.4-
0.45[d] 

7.43-
7.59 

7.28-7.32 29.03-
29.04 

7.57-7.71 3.66-4.20 2.17-2.34 0.40 29.04 

Produce 
(million 
tonnes) [a] 

NA 14.17-
14.71 

7.59-8.13 33.44-
34.07 

6.87-8.27 237.08-
281.17 

1.19-1.44 1.19 281.17 
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Yield/hectare 
(Kg/ha) [a] 

3750[d] 1907-
1938 

1038-1117 1153-
1172 

908-1073 64752-
66928 

549-615 549 66928 

%Coverage 
Under 
Irrigation[a] 

NA 20.5-
21.1 

69.3-72.1 6.6-13.0 1.7-1.8 91.2-95.2 24.9-26.0 1.7 95.2 

Precipitation 
tolerance 
(dm/annually) 

[b] 

3.0-
10.0[d] 

2.3-
41.0 

3.0-28.0 2.0-21.4 3.1-41.0 4.7-42.9 2.0-40.0 2.0 42.9 

Water 
requirement 
(mm/annum) 

[c] 

300-
1000[d] 

550-
750 

80-240[g] 400-750 > 600 750-1200 550 80 1200 

Soil pH 
requirement[b] 

5.0-7.0 4.3-8.7 4.2-4.8 4.9-8.2 4.3-8.4 4.3-8.4 4.5-8.7 4.2 8.7 

Nitrogen 
Fertilizers 
(GJ/ha) [f] 

NA NA 4.6-9.2 NA 0-7.6 NA 5.3-9.2 NA NA 

 

Table 1. Data analysis of various agricultural parameters for seven biofuel crops grown in India. 

 

 

 Jatropha Maize Rapeseed Sweet 
Sorghum 

Soybean Sugarcane Sunflower P Low P High 

Environmental 
Parameters 

         

Oil content 
(%)[c] 

43-59[d] 75 
(starch) 

35-40 25-35 18-22 80 
(starch) 

40-48 25 80 

Oil yield 
(litres/ha) [k] 

1892[d] 172 1190 6000 446 5052 952 172 6000 

Total energy 
obtained 
(GJ/ha) 

49.9[d] NA 41.7[p] 42.5[r] 31.9[q] 139[s] 59.7[t] 31.9 139 

Total energy 
input (GJ/ha) 

[f] 

NA 25-40 13-37 15-50 15-35 NA 20-38 15 50 
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Water 
Footprints 
(m3/GJ 
biofuel) [h] 

574 110 165 419 177 108 NA 108 574 

Energy 
balance[e] 

NA 1.5 2.7 NA 3 8.3 3.2 1.5 8.3 

GHG 
emission (kg 
CO2 /MJ) [i] 

NA 81-85 37 NA 49 4-12 NA 4 85 

GHG 

emission 
reduction (kg 
CO2 eq/litre) 

[j] 

NA 1.13 2.89 NA 2.39 1.7 NA 1.13 2.89 

 
Table 2. Data analysis of various environmental parameters for seven biofuel crops  

grown in India. 
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 Jatropha Maize Rapeseed Sweet 
Sorghum 

Soybean Sugarcane Sunflower P Low P High 

Economic 
Parameters 

         

Cost of 
cultivation 
(US $/ha/yr) 

[m] 

 

NA 

 

NA 

 

NA 

 

400 

 

NA 

 

995  

 

NA 

 

400 

 

995 

Net returns 
(US $/ha/yr) 

[n] 

300 NA 302.66 986 337.6 1700 437.1 300 1700 

Biofuel 
Plantation 
employment 
(millions/day) 

 

127.6 (Estimated) [o] 

Biodiesel 
production 
cost in India 
(US$/Kg) 

 

0.558 

Value added 
by products 

Biofuels are yet to be commercialised in India 

 

Table 3. Data analysis of various economic parameters for seven biofuel crops of India. 
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 Jatropha Maize Rapeseed Sweet 
Sorghum 

Soybean Sugarcane Sunflower P Low P High 

Miscellaneou
s Parameters 

         

Cetane 
number[k] 

46-70[d] 53 55-58 8-9[l] 53 8-9[l] 52 8 70 

Iodine value[k] 60-135[d] 115-124 97-115 NA 125-140 NA 125-135 60 135 

Cloud point 
(ºC) [l] 

-11 - 16 -8 - 22 -11 - 16 -8 - 22 -11 - 16 -8 - 22 -11 - 16 -11 22 

Flash point 
(ºC) [l] 

122 13 122 13 122 13 122 13 122 

Pour point 
(ºC) [l] 

9 -117.3 9 -117.3 9 -117.3 9 -117.3 9 

Heat of 
combustion 
(MJ/kg) [l] 

39.6 27 39.6 27 39.6 27 39.6 27 39.6 

 
Table 4. Data analysis of various miscellaneous parameters for seven biofuel crops of India. 
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