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 The evaluation and selection of energy technologies involve a large number of attributes whose 
selection and weighting is decided in accordance with the social, environmental, technical and 
economic framework. In the present work an integrated multiple attribute decision making 
methodology is developed by combining graph theory and analytic hierarchy process methods 
to deal with the evaluation and selection of energy technologies. The energy technology 
selection attributes digraph enables a quick visual appraisal of the energy technology selection 
attributes and their interrelationships. The preference index provides a total objective score for 
comparison of energy technologies alternatives. Application of matrix permanent offers a 
better appreciation of the considered attributes and helps to analyze the different alternatives 
from combinatorial viewpoint. The AHP is used to assign relative weights to the attributes. 
Four examples of evaluation and selection of energy technologies are considered in order to 
demonstrate and validate the proposed method. 
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1. Introduction 
 

The study of thermal engineering began with man’s desire to convert heat into work and to produce 
desired changes in the system by means of exchange of heat or work in the most economical way. Solid, 
liquid and gaseous fuels are basic sources of heat energy which can be converted into mechanical work 
and further into electrical energy, the cleanest and most versatile form of energy available today. 
Demand of electricity is doubling virtually every decade. For this reason, it is important that the 
conversion process by which it is produced be operated as efficiently as possible if the nation is to make 
maximum use of its finite fuel resources. It thus becomes an immense challenge to future engineers to 
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improve upon the performance of today’s power generation equipments so that the world’s finite 
resources can be used most efficiently. 
 
Energy conversion deals with the principles of conversion of naturally available energy into a useful 
form (usually electrical or mechanical) as well as the devices used in such conversion process. The 
study of energy conversion therefore involves familiarization with various energy forms, their 
availability, collection and utilization. The use of ever increasing amount of energy has freed man from 
drudgery and has considerably improved standard of living all over the world. The expectation is that 
man’s demand for energy will increase even more rapidly in the coming years, since advances in 
science and technology have been occurring continuously. It is therefore essential that energy 
conversion should be a subject of vital importance to all engineers. 
 
Population and societal growth coupled with technological progress, have all lead to a rapid increase 
in energy usage and consequent depletion of fossil fuel reserves. At the same time, there is a growing 
belief that the use of fossil fuel and the consequent release of greenhouse gases are mainly responsible 
for the observed global warming trend. Hence there is a big push for developing new sources of clean, 
alternative energy for replacing the fossil fuels. In addition, if the source is renewable, that will further 
help provide a long term solution. Thus energy source has become an important commodity for survival 
and progress and has to be evaluated on thermoeconomic and socioeconomic bases. It requires 21st 
century cutting edge science, technology and systems for harvesting energy from the available sources 
and transforming it efficiently and economically into electricity, heat or power required for human 
consumption with minimal perturbation to the ecology. It is also important to note that the present 
energy crisis has occurred mainly because of dependence on only a few sources. Hence this needs to 
be addressed not only by exploring and evaluating all possible sources but also by developing systems 
for efficient transformation, storage and distribution of energy. Therefore the scientific and engineering 
communities have to develop advanced energy technologies, which will meet the need of all the sectors: 
industry, transport and building. Three main options have to be considered (i) improve existing energy 
technologies and reduce their environmental impact, (ii) develop innovative technologies for better 
energy management and promote energy efficiency and (iii) develop advanced energy technologies 
such as renewable energies and new energy carriers. 
 
Earlier, the energy technologies have been selected mainly on the cost-benefit analysis. Nowadays, 
such decisions are typically made on the basis of life-cycle costs; however, as environmental issues 
become increasingly important, the traditional single criteria analysis becomes unacceptable. Thus, the 
evaluation of energy technologies is complex and depends on a number of parameters such as 
economic, technological, environmental, social, geographical, ethics, and so on. In order to deal with 
such a difficult problem, multiple criteria decision making (MCDM) is always employed. As one of 
the major parts of decision theory, it provides a flexible idea that is able to handle and bring together a 
wide range of variables appraised in different ways and thus offer valid assistance to the decision 
makers. 
 
2. Literature review 
 
Many multiple criteria based decision making methods for evaluation and selection of energy 
technologies has been developed. Analysis and synthesis of parameters under information deficiency 
(ASPID) methodology was adopted to evaluate the combined heat and power (CHP) system options 
(Pilavachi et al., 2006) and power system options (Begic and Afgan, 2007). The methodology 
comprised the system of stochastic model of uncertainty and normalization of indexes by using non-
numeric, non-exact and non-complete information with respective reliability and probability. However, 
this approach has its limitations due to the lack of data for serious consideration of the system. Also, 
no method was proposed to deal with non-numeric information. A multiple criteria methodology called 
novel approach to imprecise assessment and decision environments (NAIADE) was presented to select 
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and rank the natural gas turbines (Dincaa et al., 2007). The multidimensional assessment of 
technologies was represented in the form of a matrix composed of rows with the target criteria and 
columns with the alternatives. The alternatives were analyzed by a methodology based on NAIADE 
principle and the results were compared by performing sensitivity analysis. The method proposed is 
complicated and requires more computation. 
 
Decision support models based on sustainability index rating method have been proposed to evaluate 
different energy systems such as hydrogen energy systems (Afgan and Carvalho, 2004), natural gas 
energy systems (Afgan et al., 2007), hydrogen production processes (Afgan et al., 2007) and hybrid 
energy systems (Afgan and Carvalho, 2008). The analysis was based on determination of general index 
of sustainability composed of linear aggregative functions of all indicators with respective weighting 
function. Analytic hierarchy process (AHP) had been employed for the evaluation and selection of 
hydrogen production processes (Pilavachi et al., 2009a), hydrogen and natural gas fuelled power plants 
(Pilavachi et al., 2009b) and space heating systems for an industrial building (Chinese et al., 2011). 
Amir and Daim (2011) applied AHP for the selection and prioritization of various renewable energy 
technologies for electricity generation in Pakistan. Wind energy, solar photovoltaic, solar thermal and 
biomass energy were the options assessed from technical, economical, social, environmental and 
political aspects. The relative weights of 20 sub criteria were determined by pairwise comparison using 
AHP. Biomass energy and wind energy emerged as the preferred alternatives. The AHP can effectively 
address both objective and subjective attributes but sometimes unmanageable pairwise comparisons 
may result due to large number of attributes and alternatives. 
 
Rastogi et al. (2015) carried out performance assessment of phase change materials (PCM) for heating, 
ventilation and air-conditioning (HVAC) applications. The performance of PCMs was graded using 
figure of merits (FOM) which were further subjected to Pareto Optimality test. The graded PCMs were 
ranked using TOPSIS (Technique for Order of Preference by Similarity to Ideal Solution) method. The 
relative weights for the different attributes were calculated using Shannon’s entropy method. Garg et 
al. (2007) suggested elimination search method for identification and coding of the thermal power plant 
selection attributes and employed TOPSIS approach for the selection of power plants. A five point 
scale was adopted for coding of the attributes. However, in general, the TOPSIS method deals mainly 
with objective attributes and has been proved to be less efficient as compared to AHP. Hence, the 
application of TOPSIS for power plant selection may not provide reliable results.  
 
Cavallaro (2009) employed a methodology based on the method of outranking called PROMETHEE 
(Preference Ranking Organisation Method for Enrichment of Evaluations) for the assessment of 
concentrated solar thermal technologies. Three economic and four technical criteria were identified for 
comparison and assessment of twelve different alternatives. Simos technique was applied to compute 
the criteria weights and the alternatives were ranked on the basis of preference flows derived using 
PROMETHEE. A comparative evaluation of four different scenarios for the development of power 
generation sector in Greece was carried out using CBA (cost based analysis) and PROMETHEE 
(Diakoulaki and Karangelis, 2007). Renewable energy was reported as the best option for power 
generation under economic, technical and environmental consideration. 
 
Another outranking methodology, ELECTRE III (ELimination Et Cholx Traduisant la REalite), was 
proposed by Cavallaro (2010) to evaluate the production processes of thin film solar cells. Eight 
different production processes were examined with respect to utilization rate of material, cost of 
material, thickness of material, cost of the module and state of art of technology. Simos method was 
used to calculate the weights of criteria having quantitative and qualitative measures. Avgelis and 
Papadopoulos (2009) utilized ELECTRE III method for the assessment of HVAC (heating, ventilation 
and air-conditioning) systems with respect to economic, energy, environmental and user’s satisfaction 
criteria. A sensitivity analysis was also performed by changing the weights of the criteria to examine 
the stability of the results. Computation using ELECTRE III is too complex and is not normally used 
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for actual selection of alternatives but may be suitable for the initial screening process. Kabak and 
Dagdeviren (2014) proposed a hybrid decision model based on BOCR (benefits, opportunities, costs 
and risks) and analytic network process (ANP) to prioritise alternative renewable energy sources among 
hydro, geothermal, solar, wind and biomass energy with regards to 19 criteria. Kaya and Kahraman 
(2011) proposed a modified fuzzy methodology combining fuzzy AHP and TOPSIS for the selection 
of best energy technology. The weights of the selection criteria were determined by fuzzy AHP and the 
energy technologies were evaluated using TOPSIS. Wind energy was found to be the best option among 
the alternatives considered. 
 
Kahraman et al. (2009) suggested a combined fuzzy AHP and fuzzy axiomatic design (FAD) procedure 
to determine the most appropriate renewable energy alternative. The proposed fuzzy AHP methodology 
determined the most appropriate alternative based on pairwise comparisons and flexible evaluations by 
experts, whereas, in fuzzy axiomatic design, the alternative which most satisfied the functional 
requirements for each criterion was selected as the best. The fuzzy methods are complex and the use of 
fuzzy set approach with AHP as a decision making tool does not necessarily lead to better results. 
(Saaty, 2007, 2010). 
 
A modified fuzzy AHP methodology was suggested and utilized by Kahraman and Kaya (2010) for the 
selection of best energy policy for Turkey. In their method, fuzzy aggregation was used to create group 
decisions and priority weights were computed by defuzzifying the fuzzy scales into crisp values. 
Different renewable energy alternatives were evaluated on the basis of four main and seventeen sub-
criteria. However, the fuzzy models proposed by the authors are complicated and knowledge intensive. 
After a detailed study of the above mentioned MADM methods and their applications for the evaluation 
and selection of energy technologies, it is observed that 
 

 The multiple criteria decision making methods mentioned above tend to be complex, knowledge 
intensive, involves more computations and are less effective in dealing with the decision making 
situations of energy technologies. 

 There does not exist a single MADM method which can be applied to all decision problems 
equally efficiently. 

 There is a need for simple, systematic, logical and consistent method or tool to guide decision 
makers in making optimal selection. 

 Hence a methodology is developed by integrating Graph Theory (GT) and Analytic Hierarchy 
Process (AHP) methods for the evaluation and selection of energy technologies.  

 
3. Proposed integrated graph theory and analytic hierarchy process (GT-AHP) methodology 
 
Graph theory is a systematic and logical approach that can be used to model and analyze various 
engineering systems. Graph theory and matrix approach (GTMA) method has been employed for the 
evaluation of cutting fluids (Rao & Gandhi, 2001), environmentally conscious manufacturing programs 
(Rao, 2004), flexible manufacturing systems (Rao, 2006a), material selection (Rao, 2006b), and 
selection of industrial robots (Rao and Padmanabhan, 2006). GTMA helps in identifying attributes, and 
offer a better visual appraisal of the attributes and their interrelations (Rao, 2007). On the other hand, 
AHP is an analytical tool that can be applied to selection problems involving large number of 
alternatives and criteria. The consistency check of relative importance of the attributes is a significant 
feature of AHP. In view of these advantages, a methodology integrating graph theory and AHP method 
is proposed in this work for evaluation and selection of energy technologies. AHP is applied to 
determine the relative weights of the considered attributes and graph theory is applied to evaluate and 
rank the alternatives. This approach is similar to the one presented by Rao and Parnichkun (2009) and 
Singh and Rao (2011). Recently, Lanjewar et al. (2015) applied this methodology for selection of fuels 
in transportation systems and the same methodology is extended here for evaluation and selection of 
alternative energy technologies.  
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3.1 Energy technology selection attributes digraph 
 
The energy technology selection attributes and their interrelationships are graphically represented by 
an energy technology selection attributes digraph, where the attributes are expressed in terms of vertices 
or nodes [ni], with i = 1, 2,…, N and their interrelation as edges [eij]. The number of nodes corresponds 
to the number of attributes considered for evaluation.  A directed edge (eij) or arrow is drawn from node 
i to j to represent the inter-relationship or relative importance of attribute ‘i’ over another attribute ‘j’. 
Fig. 1 illustrates the energy technology selection attributes digraph for the energy technology selection 
problem. Let the energy technology selection attributes be plant capacity (PC), fuel cost (FC), capital 
cost (CC), efficiency (EF), emissions (EM), and plant life (PL). The digraph consists of six nodes 
representing the six attributes PC, FC, CC, EF, EM and PL respectively. Directed edges are drawn from 
one node to another and represent the inter-relationship among the attributes. The magnitudes of the 
directed edges indicate the relative importance of one attribute over other. 

 

          Fig. 1. Energy technology selection attributes digraph 
 

The energy technology selection attributes digraph enables a quick visual appraisal of the energy 
technology selection attributes and their inter-relationships. The digraph becomes complex with the 
increase in the number of attributes and their interrelations. In such cases, the visual analysis of the 
digraph becomes difficult and complex. This difficulty is overcome by representing the digraph in a 
matrix form. 
 
3.2 Mathematical representation of attributes digraph 
 
The energy technology selection attributes digraph is mathematically represented by an equivalent 
matrix (M) which stores the deterministic values of all the identified attributes and their relative 
importance. The size of this matrix is N*N corresponding to N attributes and considers all the attributes 
(Ri) and their relative importance (rij). The attributes matrix M, for the energy technology selection 
attributes digraph shown in Fig. 1 is represented by equation (1), where the diagonal element (Ri) is the 
measure of the i-th attribute represented by node ni and rij is the relative importance of the i-th attribute 
over the j-th attribute represented by the edge eij. 

   PC FC CC EF EM PL 
  PC R1 r12 r13 r14 r15 r16 
  FC r21 R2 r23 r24 r25 r26 
 M = CC r31 r32 R3 r34 r35 r36                                                        (1) 
  EF r41 r42 r43 R4 r45 r46 
  EM r51 r52 r53 r54 R5 r56 
  PL r61 r62 r63 r64 r65 R6 
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The matrix representation of the energy technology selection attributes diagraph provides a systematic 
mapping among the various attributes and enables a clear understanding regardless of its size. The 
matrix model is one-to-one representation of the diagraph and represents decision maker preferences 
and value judgments. The matrix model is easy to understand and can be processed by the computer in 
an efficient manner. 
 

3.3 Characteristic permanent function 
 

The permanent function of the attributes matrix M, i.e. per (M) is defined as the characteristic 
permanent function. The permanent of a matrix is very important in many fields especially in 
combinatorics, where it is used to characterize configurations of a system or the structure of a graph. 
(Marcus & Mine, 1965; Jurkat & Ryser, 1966). A characteristic permanent function is a complete 
representation of the attributes of a system and retains all possible information of the attributes and 
their interrelations. The permanent is defined similar to the determinant of a matrix with all the 
determinant terms as positive terms. Moreover, no negative sign appears in the permanent function of 
a matrix and hence no information will be lost. The attribute permanent function for ‘n’ attributes matrix 
when expanded, will have (n!) terms which may be arranged in (n+1) groups. 
 

Per	 M 	 	 	 	 	 	 	  

								 	 	 	 	 	 	 	 	 	 	 	  

													 	 	 	 	 	

	 	 	 	 	

	 	 	 	 	

	 	 	 	 	 	 	

	 	 	 	 	 	

	 	 	 	 	

	 	 	 	 	  (2)

The characteristic permanent function for above Eq. (1) is written as Eq. (2). All attributes and all their 
possible interrelations are completely represented by Eq. (2). The different terms in the Eq. (2) are the 
sets of distinct diagonal elements (Ri) and loops of off-diagonal elements of different sizes (i.e. rijrji, 
rijrjkrkl, etc.). Application of permanent concept leads to better appreciation of the selection problem as 
it contains all the structural components of the attributes and their inter-relations.  
 

3.4 Preference index 
 

The preference index represents the measure of performance of a alternative with respect to the 
attributes. The numerical value of attributes permanent function is called the preference index. In order 
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to make the computation simple and fast, a computer program is developed in C language that evaluates 
the permanent function of a matrix. As the function contains only positive terms, higher values of Ri 
and rij will result in increased value of preference index. The system with highest preference index 
represents the most preferred option for the given application and is ranked first on the preference list.  
 

3.5 Relative importance matrix 
 

It is difficult to determine with sufficient accuracy the individual importance of each attribute. 
Therefore, the relative importance of one attribute over another (i.e. rij) is expressed using pairwise 
comparisons. For pair-wise comparison, a verbal scale (Table 1) proposed by Saaty (1980) is commonly 
used that enables the decision maker to incorporate subjectivity, experience, and knowledge in an 
intuitive and natural way. 
 
Table 1 
AHP pair-wise comparison scale 
Scores Intensity of importance of one attribute over another 
1 Equal importance 
3 Moderate importance 
5 Strong importance 
7 Very strong importance 
9 Absolute importance 
2,4,6,8 Intermediate values 

 
The procedure to assign relative importance degree to attributes and checking the consistency of the 
judgements using AHP method is explained below. 
 
(i) Construction of relative importance matrix 
A relative importance matrix (Eq. (3)) is constructed using a pairwise comparison scale of AHP. 
Assuming n attributes, the pairwise comparison of attribute i with attribute j yields a square matrix Mn*n 
where rij denotes the relative importance of attribute i with respect to attribute j. An attribute compared 
with it is always assigned a value 1, so all the diagonal entries of the pairwise comparison matrix are 
equal to 1. In the matrix rij = 1 when i = j and rji = 1/ rij. 
 

	 	

	 			 ⋯				
	 	 	

				

						 	
⋮

	
⋮ 	

	
⋮
		  

(3) 

 
(ii) Determination of relative weights 
The weights of the attributes (Wi) are determined using the normalization of geometric mean method 
(Eq. (4)). 

	 	 	
 		

∑  		

				 , 1,2, … ,  (4)

(iii)  Obtain the principal eigen value 
 

The principal eigen value (max) is obtained using the Eq. (5) and Eq. (6). The principal eigen value 
(max) represents the measure of consistency. The closer max to the number of attributes is the more 
consistent the matrix of relative importance. 
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(iv) Consistency check 
 
The Consistency Index (CI) is calculated as 
  
CI 	  	– 	n n	 1⁄ ), where n is the number of attributes (7)

 
The CI shows the deviation from consistency. Smaller value of CI indicates lesser deviation from the 
consistency. The Consistency Ratio (CR) is determined as 
 
CR 	CI RI⁄  (8)

 
The random index RI for the number of attributes used in decision making is obtained from Table 2. 
Usually, a CR of 0.1 or less is accepted as it reflects sufficient consistency made in the judgments.  
  
Table 2  
Random index (RI) values (Saaty, 2000) 
Number of Attributes Random Index 
1 0.00 
2 0.00 
3 0.52 
4 0.89 
5 1.11 
6 1.25 
7 1.35 
8 1.40 
9 1.45 
10 1.49 

 
3.6 Normalization of attributes 
 

The measures of the energy technology selection attributes can be obtained from specified or estimated 
data, experimental results, technical handbooks and published literature. The selection attributes (Ri) 
may have different units and consequently they cannot be directly compared with each other. Hence, 
there is need for normalizing the values of the attributes in order to make them dimensionless and unit-
free. The attributes are classified as beneficial and non-beneficial attributes. An attribute whose higher 
value is desirable (e.g. efficiency) is called beneficial attribute. On the other hand, an attribute whose 
lower measure is desirable (e.g. capital cost) is a non-beneficial attribute. A beneficial attribute is 
normalized as yi/yj, where yi is the measure of beneficial attribute for i-th alternative and yj is measure 
of the same beneficial attribute for the j-th alternative that has the highest measure of the attribute 
among the considered alternatives. For non-beneficial attribute the normalized value is calculated as yj/ 
yi where yi is the measure of non-beneficial attribute for i-th alternative and yj is the measure of same 
non-beneficial attribute for the j-th alternative that has the lowest measure of the attribute among the 
considered alternatives.  
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3.6.1 Conversion of linguistic terms into crisp score 
 

Most of the real world MADM situations contain a mixture of crisp and linguistic data where some of 
the attributes are expressed qualitatively and others quantitatively. It is relatively difficult for the 
decision maker to provide exact quantitative values for the attributes. The evaluation data for the 
various subjective attributes are usually expressed in linguistic terms by the decision makers. Such 
uncertainties in human preferences can be successfully addressed using fuzzy logic which deals with 
imprecise information. Since the comparison of alternatives is performed using the final performance 
scores which are real numbers, conversion of linguistic measures into crisp values is needed for 
computation of final scores. Hence, to deal with linguistic information of the qualitative attributes, a 
conversion scale is suggested and presented in Table 3. Instead of assigning arbitrary values for various 
subjective attributes, these conversion scales reflects the exact linguistic description in terms of crisp 
values and provides a better appreciation of the linguistic descriptions that are widely used. The 
subjective measures of the attributes are converted to objective values and then normalized as explained 
above. 
 
Table 3  
Conversion of linguistic terms into crisp scores (11-point fuzzy scale) (Rao, 2007) 
Subjective measure of attribute Crisp value Subjective measure of attribute Crisp value 
Exceptionally low  0.045 Above Average 0.590 
Extremely low 0.135 High  0.665 
Very low 0.255 Very High 0.745 
Low 0.335 Extremely high 0.865 
Below Average 0.410 Exceptionally high 0.955 
Average 0.500   

 
It may be mentioned that one may choose any scale for Ri, the final ranking will not change as these 
are relative values. More details about these scales are available in Rao (2007, 2013). 
 

3.7 Methodology of integrated GT-AHP as a decision making method 
 

The major steps of the proposed integrated GT-AHP method as a decision making methodology are 
summarized below. 
 

Step 1: Shortlist the energy technology alternatives for the given application and identify the attributes 
on the basis of which analysis is to be performed. The choice of attributes depends on the user’s 
requirements. An objective or subjective value or its range is assigned to each identified attribute as a 
threshold value for its acceptance for the considered application. The performance measures of the 
identified attributes are normalized as explained in section 3.6. 
 

Step 2: Compose a relative importance matrix by assigning the relative importance (rij) to the 
attributes and check the consistency made in the judgments. Refer to section 3.5 for details. 
 

Step 3: Model the energy technology selection attributes digraph with number of nodes equal to the 
number of identified attributes. The magnitude of the edges and their directions will be determined 
from the relative importance between the attributes. Refer to section 3.1 for details. 
 

Step 4: Represent the energy technology selection attributes diagraph in the form of a matrix. This will 
be a square matrix of order n with diagonal elements representing the values of attributes (Ri) and off-
diagonal elements representing the attribute’s relative importance (rij). Develop the characteristic 
permanent function for the attributes matrix. Refer to section 3.2 and 3.3 for details. 
 

Step 5: Evaluate the preference index for all the alternatives by substituting the normalized value (Ri) 
of attributes and their relative importance (rij) in the characteristic permanent function. The alternative 
having the highest value of preference index is the best choice for the given application and is ranked 
first on the priority list. 
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4. Examples 
 
To demonstrate and validate the proposed integrated graph theory and analytic hierarchy process (GT-
AHP) method the following examples of evaluation and selection of energy technologies are 
considered. 
 

4.1 Evaluation and selection of conventional and renewable energy systems 
 

Afgan and Carvalho (2004) presented a method based on sustainability index rating for the evaluation 
of conventional energy systems and their comparison with renewable energy systems. They compared 
the performance of hydrogen fuel cell systems with natural gas turbine, photovoltaic and wind energy 
systems. In the present work, the energy system options and attributes considered are same as of Afgan 
and Carvalho (2004).  
 

The five energy system options under evaluation are; 
 

 Phosphoric acid fuel cells: PAFC 
 Solid oxide fuel cells: SOFC 
 Natural gas turbine system: NGTS 
 Photovoltaic system: PVS 
 Wind energy system: WES 

 

The conventional and renewable energy systems are assessed on the basis of the following attributes. 
 

 Efficiency (%): EFF 
 Electricity cost (Euro/KWh): EC 
 Capital cost (Euro/KWh): CC 
 Lifetime (Years): LT 

 

Now to demonstrate and validate the proposed method, various steps of the methodology, mentioned 
in section 3.7, are carried out. 
 

Step 1: 
 

The example problem considering four attributes and five options is shown in Table 4. The quantitative 
values of the energy system attributes given in Table 4 are to be normalized. Efficiency (EFF) and 
Lifetime (LT) are beneficial attributes and higher values are desirable. Electricity cost (EC) and capital 
costs (CC) are non- beneficial attributes and lower values are desirable. Values of these attributes are 
normalized, as explain in section 3.6, and given in Table 5 in the respective columns.  
 

Table 4  
Objective data of conventional and renewable energy system attributes (Afgan & Carvalho, 2004) 

Options Attributes 
 EFF EC CC LT 
PAFC 40 0.41 1500 5 
SOFC 46 0.35 4500 7 
NGTS 35 0.035 750 20 
PVS 25 0.03 5000 15 
WES 45 0.06 1000 15 

 

Table 5  
Normalized data of conventional and renewable energy system attributes 

Options Attributes
 EFF EC CC LT 
PAFC 0.8696 0.0732 0.5000 0.2500
SOFC 1.0000 0.0857 0.1667 0.3500 
NGTS 0.7609 0.8571 1.0000 1.0000 
PVS 0.5435 1.0000 0.1500 0.7500 
WES 0.9783 0.5000 0.7500 0.7500 
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Step 2: 
 

Afgan and Carvalho (2004) considered four different cases; in each case more importance was given 
to one attribute and equal importance to remaining three attributes. These cases do not reflect the 
realistic situation as the weights assigned are too simplistic, hence different weights are considered in 
the present example and the following relative importance matrix is prepared (Eq. (9)). 
 
    EFF EC CC LT 
   EFF 1 1/3 1/5 3 
   EC 3 1 1/3 5                                                    (9) 
   CC 5 3 1 7 
   LT 1/3 1/5 1/7 1 
  
Following the steps given in section 3.5, relative normalized weights (Wi) of each selection attribute is 
calculated as: WEFF = 0.1178; WEC = 0.2634; WCC = 0.5638; WLT = 0.0550. The consistency ratio (CR) 
value is found to be 0.04372 which is less than the allowed CR of 0.1 and hence acceptable. Thus there 
is a good consistency in the judgments made in the present example. However, it may be added that, in 
actual practice, these values of relative importance can be judiciously decided by the user/experts 
depending on the requirements. The assigned values in this work are for demonstration purpose only. 
 
Step 3: 
 

The conventional and renewable energy system attributes digraph, showing the presence as well as 
relative importance of the above attributes is shown in Fig. 2, with four nodes representing the attributes 
EFF, EC, CC, and LT respectively. 

 
Fig. 2. Conventional and renewable energy system attributes digraph  

Step 4: 
 
The attributes matrix for conventional and renewable energy system attributes digraph is prepared as 
equation (10). The characteristic permanent function for energy system selection can be written on the 
lines of equation (2).  
 
    EFF EC CC LT 
   EFF R1 1/3 1/5 3 
   EC 3 R2 1/3 5                                                  (10) 
   CC 5 3 R3 7 
   LT 1/3 1/5 1/7 R4 
Step 5: 
 

The preference index for each C & RE system is calculated by substituting the values of (Ri) and (rij) 
in the characteristic permanent function and presented in Table 6. 
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Table 6  
Final ranking of conventional and renewable energy systems 

Options Preference Index Rank 
PAFC 16.273401 4 
SOFC 15.902949 5 
NGTS 25.615211 1 
PVS 19.396077 3 
WES 22.077136 2 

 
From the above values of preference index, it is observed that among the energy systems considered 
for evaluation, the natural gas turbine system (NGTS) is the first choice for the given application 
followed by wind energy system (WES) and photovoltaic system (PVS). The phosphoric acid fuel cell 
(PAFC) and solid oxide fuel cell (SOFC) acquires the last position on the selection list and these results 
are consistent with those presented by Afgan and Carvalho (2004) using sustainability index rating 
method. Thus the ranking presented by the proposed method is validated. Unlike the proposed 
integrated GT-AHP method, Afgan and Carvalho (2004) had not suggested any systematic method to 
assign relative weights to the attributes. Also the methodology suggested by Afgan and Carvalho (2004) 
did not have any provision for checking the consistency of weights of attributes. Thus the ranking 
suggested using the proposed method is more reliable and genuine. 
 

4.2 Evaluation and selection of hybrid energy systems 
 

In order to further demonstrate the proposed methodology, evaluation and selection of hybrid energy 
systems is carried out. Afgan and Carvalho (2008) evaluated the hybrid energy systems using 
sustainability assessment method. Five different hybrid energy systems were evaluated on the basis of 
technical, economical, environmental and social aspects. The following hybrid energy system options 
have been considered in this work: 
 

 Solar PV power plant, wind turbine power plant (WTPP), biomass thermal steam turbine power 
plant (BTSTPP) for production of electricity and hydrogen. 

 Diesel and Wind power plant for production of electricity and hydrogen. 
 BTSTPP and WPP for production of electricity and hydrogen. 
 Combined cycle gas turbine power plant for electricity and hydrogen production. 
 Cogeneration of electricity and water by the hybrid system. 

 

The above mentioned hybrid energy system options are evaluated with respect to the following five 
attributes: 
 

 Efficiency (%): EFF 
 Electricity cost ($/KWh): EC 
 Investment cost (($/KW): IC 
 CO2 emissions (Kg/MWh): CE 
 NOx emission (Kg/MWh): NE 

 

Now, to demonstrate and validate the proposed methodology, various steps of the methodology as 
detailed in section 3.7 are carried out. 
 

Step 1: 
 

The hybrid energy system options and the attributes considered for evaluation are same as of Afgan 
and Carvalho (2008). The objective data of hybrid energy system attributes is illustrated in Table 7. 
The values of attributes are to be normalized. The attribute EFF is a beneficial attribute whereas 
attributes EC, IC, CE and NE are non-beneficial attributes. Moreover, the attribute CE has a value 0 
for two options. Processing this value will lead to loss of information. Hence a number 1 is added to all 
measures of CE and then the attributes are normalized as explained in section 3.6 and the normalized 
values are presented in Table 8. 
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Table 7  
Objective data of hybrid energy system attributes (Afgan and Carvalho, 2008) 

Options Attributes
 EFF EC IC CE NE 
PV-Wind-Biomass PP 43.28 12.16 1960 0.00 0.406
Wind-Diesel PP 46.48 24.28 1450 0.59 2.00 
Biomass-Wind PP 68.56 8.00 1464 0.00 0.406 
Combined cycle PP 56.00 4.00 65 0.38 0.415 
Cogeneration cycle PP 36.00 6.20 1000 0.85 2.00 

 
Table 8 
Normalized data of hybrid energy system attributes 

Options Attributes 
 EFF EC IC CE NE 
PV-Wind-Biomass PP 0.6313 0.3289 0.0332 1.0000 1.0000 
Wind-Diesel PP 0.6779 0.1647 0.0448 0.6289 0.2030 
Biomass-Wind PP 1.0000 0.5000 0.0444 1.0000 1.0000 
Combined cycle PP 0.8168 1.0000 1.0000 0.7246 0.9783 
Cogeneration cycle PP 0.5251 0.6452 0.0650 0.5405 0.2030 

 
Step 2: 
 
Afgan and Carvalho (2008) had given priority to the electricity cost, followed by the efficiency, 
investment cost, CO2 emissions and NOx emissions. They had not mentioned any definite weights of 
the attributes. With the same priority (EC > EFF > IC > CE > NE) as considered by Afgan and Carvalho 
(2008) a relative importance matrix (equation 11) is prepared by assigning relative importance values 
to the attributes. The relative weights of the attributes are calculated as WEFF = 0.2638, WEC = 0.5100, 
WIC = 0.1295, WCE = 0.0636 and WNE = 0.0329. The consistency ratio is calculated as 0.0534 which is 
less than 0.1, thus indicating good consistency of relative importance judgement. 
  
   EFF EC IC CE NE 
   EFF 1 1/3 3 5 7 
   EC 3 1 5 7 9 
   IC 1/3 1/5 1 3 5                                      (11) 
   CE 1/5 1/7 1/3 1 3 
   NE 1/7 1/9 1/5 1/3 1 
 

Step 3: 
 
An attributes digraph showing presence of attributes as well as their relative importance is modelled. 
This attributes digraph have five nodes that represent the five attributes considered in this evaluation.  

 
Fig. 3. Hybrid energy system attributes digraph 
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Step 4: 
 
The attribute digraph is further converted into an attributes matrix (Eq. (12)) having measures of 
attributes and their relative importance as diagonal elements and off-diagonal elements respectively. 
The characteristic permanent function for this attributes matrix is written similar to Eq. (2).  
 
    EFF EC IC CE NE 
   EFF R1 1/3 3 5 7 
   EC 3 R2 5 7 9 
   IC 1/3 1/5 R3 3 5                                      (12) 
   CE 1/5 1/7 1/3 R4 1 
   NE 1/7 1/9 1/5 1/3 R5 

 
Step 5: 
 
The preference index for all the hybrid energy system options is estimated by substituting the 
normalized measures of attributes and relative importance values in the characteristic permanent 
function. The final ranking of the hybrid energy system options is presented in Table 9. 
 
Table 9  
Final ranking of hybrid energy systems 

Options Preference Index Rank 
PV-Wind-Biomass PP  109.671738 3 
Wind-Diesel PP 88.313509 5 
Biomass-Wind PP 121.295199 2 
Combined Cycle PP 146.769308 1 
Cogeneration Cycle PP 92.138461 4 

 
The values of preference index indicate that the Combined Cycle PP is the best hybrid energy system 
option for the given application under the given condition followed by Biomass-Wind PP, PV-Wind-
Biomass PP, Cogeneration Cycle PP and Wind-Diesel PP. These results exactly match with that 
suggested by Afgan and Carvalho (2008) using sustainability assessment method. However, it may be 
mentioned that the final ranking depends upon the weights of the attributes. The ranking presented may 
change if different relative importance values are assigned to the attributes. The proposed integrated 
GT-AHP method is superior to the sustainability assessment method proposed by Afgan and Carvalho 
(2008). Afgan and Carvalho (2008) have not suggested any definite method to assign relative weights 
to the attributes. Also Afgan and Carvalho (2008) did not assign any definite weights to the attributes. 
Instead they assigned preferences to the attributes which were arbitrary and too simplistic. Hence, the 
proposed integrated GT-AHP method provides a logical and consistent approach for evaluation and 
selection of hybrid energy systems.  
 
4.3 Evaluation and selection of residential energy systems 
 
The application of proposed integrated GT-AHP methodology is demonstrated for evaluation and 
selection of residential energy systems (RES). Ren et al. (2009) developed an integrated design and 
evaluation method by combining linear programming and MCDM method to select optimal residential 
energy system. Linear programming was employed for optimal design of RES and the RES alternatives 
were assessed against economic, energetic and environmental criteria using AHP and PROMETHEE 
methods. Ren et al. (2009) selected a two-floor residential building in Kitakyushu, Japan for analysis 
of RES alternatives. 
 
The RES alternatives and attributes considered for evaluation in this work are same as of Ren et al. 
(2009). In the following comparative analysis, the overall performances of the following energy 
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systems as illustrated in Table 10 have been examined. All alternatives are market available and some 
of them have been spread widely in Japan. Furthermore, all alternatives are assumed to be grid-
connected, and no isolated system is taken into consideration here. The energy technologies considered 
are summarized by utility grid (UG),  photovoltaic (PV),  wind turbine (WT),  battery (BT), gas  engine 
(GE), fuel  cell (FC), air conditioner (AC), gas  boiler(GB) and electric boiler (EB). The attributes taken 
into consideration for assessment of the above ten RES alternatives are investment cost (IC), running 
cost (RC), CO2 emissions (CE) and energy consumption (EC). 
 
Now, to demonstrate and validate the proposed integrated GT-AHP methodology, various steps are 
carried out as explained in section 3.7. 
 
Step 1: 
 
The data of RES attributes considered for evaluation is presented in Table 11. All the attributes are 
non-beneficial attributes and a lower value is preferred. The values of the attributes are normalized as 
explained in section 3.6 and the normalized values are shown in Table 12. 
 
Table 10  
Description of residential energy system alternatives (Ren et al., 2009) 

RES Description System combination 
RES1 Conventional system UG + AC + GB 
RES2 All electric system UG + AC + EB 
RES3 Energy storage system UG + BT (7 KWh) + AC + EB 
RES4 PV system UG + PV (3 KW) + AC + GB 
RES5 PV all electric system UG + PV (3 KW) + AC + EB 
RES6 PV energy storage system UG + PV (3 KW) + BT (7 KWh) + AC + EB 
RES7 Wind energy system UG + WT (3.2 KW) + AC + EB 
RES8 Hybrid system  UG + WT (3.2 KW) + PV (0.2 KW) + AC + EB 
RES9 Gas engine system UG + GE (1 KW) + AC 
RES10 Fuel cell system UG + FC (1 KW) + AC 

 
Table 11  
Objective data of RES attributes (Ren et al., 2009) 

RES Alternatives Attributes 
 IC (* 103 $) RC (* 103 $) CE (ton) EC (GJ) 
RES1 0.41 5.22 8.55 219.09 
RES2 0.76 3.74 7.35 201.28 
RES3 1.99 3.33 7.62 205.89 
RES4 1.38 4.09 7.54 191.39 
RES5 1.73 2.61 6.28 171.96 
RES6 2.96 2.64 5.90 161.60 
RES7 1.56 3.72 7.31 200.27 
RES8 1.68 3.66 7.25 198.50 
RES9 0.67 1.83 8.94 215.70
RES10 2.34 1.74 8.29 199.72 

 
Step 2: 
 
Ren et al. (2009) assigned the relative importance values to the attributes as shown in the relative 
importance matrix (equation 13) and obtained the relative weights of attributes using AHP. To have a 
fair comparison, the same relative importance matrix is considered in this work and the relative weights 
of the attributes are calculated as WIC = 0.416, WRC = 0.416, WCE = 0.083 and WEC = 0.083. The 
consistency ratio (C.R.) is found to be 0 indicating complete consistency of relative importance matrix. 
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Table 12  
Normalized data of RES attributes 

RES Alternatives Attributes 
 IC RC CE EC 
RES1 1.0000 0.3333 0.6900 0.7376 
RES2 0.5395 0.4652 0.8027 0.8029 
RES3 0.2060 0.5225 0.7743 0.7849 
RES4 0.2971 0.4254 0.7825 0.8443 
RES5 0.2370 0.6667 0.9395 0.9397 
RES6 0.1385 0.6591 1.0000 1.0000 
RES7 0.2628 0.4677 0.8071 0.8069 
RES8 0.2441 0.4754 0.8138 0.8141 
RES9 0.6119 0.9508 0.6599 0.7492 
RES10 0.1752 1.0000 0.7117 0.8091 

 

 
    IC RC CE EC 
   IC 1 1 5 5 
   RC 1 1 5 5 
   CE 1/5 1/5 1 1                                                 (13) 
   EC 1/5 1/5 1 1 
 

Step 3: 
 

An attributes digraph is drawn with four nodes IC, RC, CE and EC representing the four RES attributes 
and the directed edges representing their inter-relations. 
 

 
Fig. 4. RES attributes digraph 

 

Step 4: 
 
For further processing, the digraph is converted into an equivalent attributes matrix (Eq. (14)) having 
measures of attributes (Ri) and relative importance values (rij) as diagonal and off-diagonal elements 
respectively. The characteristic permanent function for the attribute matrix is written similar to Eq. (2). 
 
    IC RC CE EC 
   IC R1 1 5 5 
   RC 1 R2 5 5 
   CE 1/5 1/5 R3 1                                                  (14) 
   EC 1/5 1/5 1 R4 
 
Step 5: 
 
The preference index is calculated by substituting the relative importance values (rij) and normalized 
values of attributes (Ri) in the characteristic permanent function. The final ranking of the residential 
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energy system alternatives is presented in Table 13. 
 

Table 13  
Final ranking of RES alternatives 

RES alternatives Preference Index Rank 
RES1 17.437094 3 
RES2 16.890960 6 
RES3 15.492075 10 
RES4 15.744513 7 
RES5 17.444386 2 
RES6 17.372971 4 
RES7 15.722234 8 
RES8 15.721515 9 
RES9 18.509430 1 
RES10 17.031167 5 

 
The values of preference index indicate that the alternative RES9 is the best choice under the given 
conditions. Ren et al. (2009) also suggested RES9 as first choice using AHP and PROMETHEE 
methods. The ranking suggested by integrated GT-AHP method differs slightly as compared to that of 
AHP and PROMETHEE. Application of different MADM methods may give different RES rankings 
for the considered weights of attributes. However, it does not matter so long as the first choice is 
consistent. Unlike integrated GT-AHP method, the PROMETHEE method involves complex 
calculations and requires high computational time. On the other hand, using AHP, sometimes 
unmanageable pairwise comparisons may result due to large number of alternatives and attributes. The 
proposed method is easy to understand, involves simple calculations and fewer steps. The attributes 
digraph facilitates the visualization of the considered RES selection problem and reflects the 
interrelations among the attributes. The use of permanent concept characterizes the considered selection 
problem as it contains all possible structural components of the attributes and their relative importance. 
The preference index provides a single objective value for comparing and ranking the RES alternatives. 
Hence, the integrated GT-AHP method is a simple, logical and convenient approach for selection of 
residential energy systems. 
 

4.4 Evaluation and selection of new and renewable energy power plants 
 

In order to further demonstrate the proposed integrated GT-AHP method, evaluation and selection of 
new and renewable (NRE) power plants is carried out. Afgan and Carvalho (2002) presented an 
assessment of power plants based on new and renewable energy technologies. They employed ASPID 
method to determine the sustainability index for ranking the power plants on the basis of technical, 
economic, environmental and social factors. The power plant options and the attributes considered in 
this example are same as those of Afgan and Carvalho (2002). The following ten NRE power plant 
options are considered for evaluation. 
 

 Pulverised coal fired power plant (PCPP) 
 Solar thermal power plant (STPP) 
 Geothermal power plant (GPP) 
 Biomass power plant (BPP) 
 Nuclear power plant (NPP) 
 PV solar power plant (PVSPP) 
 Wind power plant (WPP) 
 Ocean power plant (OPP) 
 Hydro power plant (HPP) 
 Natural gas combined power plant (NGCPP) 

 The NRE power plants are evaluated with respect to the following five attributes. 
 Efficiency (%): EFF 
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 Installation Cost (USD/KWh): IC 
 Electricity Cost (c/KWh): EC 
 CO2 Emissions (KgCO2/KWh): CE 
 Area required (Km2/KW): AR 

 

Now, to demonstrate and validate the proposed method, the step-wise procedure of the methodology 
as explained in section 3.7 is carried out. 
 

Step 1: 
 

The evaluation data of NRE power plant attributes is tabulated in Table 14. Out of above five attributes, 
EFF is a beneficial attributes whereas IC, EC, CE and AR are non-beneficial attributes. All the attributes 
are normalized as explained in section 3.6 and the normalized data is presented in Table 15. 
 
Table 14  
Objective data of NRE power plant attributes (Afgan and Carvalho, 2002) 

Power Plants Attributes 
 EFF IC EC CE AR 
PCCC 43 1000 5.4 0.82 0.4 
STPP 15 3500 17 0.1 0.08 
GPP 8 2500 8 0.06 0.03 
BPP 1 2500 14 1.18 5.2 
NPP 33 2300 4 0.025 0.01 
PVSPP 10 4500 75 0.1 0.12 
WPP 28 1100 7 0.02 0.79 
OPP 3 10000 25 0.02 0.28 
HPP 80 2000 8 0.04 0.13 
NGCPP 38 650 4 0.38 0.04 

 
Table 15  
Normalized data of NRE power plant attributes 

Power Plants Attributes 
 EFF IC EC CE AR 
PCCC 0.5375 0.65 0.7407 0.0244 0.025 
STPP 0.1875 0.1857 0.2353 0.2 0.125 
GPP 0.1 0.26 0.5 0.3333 0.3333 
BPP 0.0125 0.26 0.2857 0.0169 0.0019 
NPP 0.4125 0.2826 1.0 0.8 1.0 
PVSPP 0.125 0.1444 0.0533 0.2 0.0833 
WPP 0.35 0.5910 0.5714 1.0 0.0126 
OPP 0.0375 0.065 0.16 1.0 0.0357 
HPP 1.0 0.325 0.5 0.5 0.0769 
NGCPP 0.475 1.0 1.0 0.0526 0.25 

 

Step 2: 
 

Afgan and Carvalho (2002) considered the weights of the attributes as 0.46, 0.27, 0.15, 0.08 and 0.04. 
The same weights are considered in this work in order to make a fair comparison. The attributes are 
assigned relative importance values as explained in section 3.5 and the following relative importance 
matrix is prepared (Eq. (15)).  
 

    EFF IC EC CE AR 
   EFF 1 2 4 5 9 
   IC 1/2 1 2 3 7 
   EC 1/4 1/2 1 2 4                                    (15) 
   CE 1/5 1/3 1/2 1 2 
   AR 1/9 1/7 1/4 1/2 1 
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The relative weights of the attributes are calculated as WEFF = 0.4667, WIC = 0.2643, WEC = 0.1438, 
WCE = 0.0836 and WAR = 0.0414. These weights are same as assigned by Afgan and Carvalho (2002). 
The C.R is found to 0.008273 which is within the permissible limit. Hence a good consistency exists 
in the judgements of relative importance of the attributes.  
 

Step 3: 
 

An attributes digraph is modelled with five nodes representing the attributes EFF, IC, EC, CE and AR 
and the directed edges representing the relative importance among them.  

 
Fig. 5. NRE power plant attributes digraph 

Step 4: 
 
The attribute digraph is represented in the form of an attributes matrix (Eq. (16)) with the measures of 
attributes as diagonal elements and relative importance values as off-diagonal elements. The 
corresponding characteristic permanent function is written similar to Eq. (2). 
 
    EFF IC EC CE AR 
   EFF R1 2 4 5 9 
   IC 1/2 R2 2 3 7 
   EC 1/4 1/2 R3 2 4                                     (16) 
   CE 1/5 1/3 1/2 R4 2 
   AR 1/9 1/7 1/4 1/2 R5 
Step 5: 
 
The preference index of each option under consideration is estimated by substituting the normalized 
values of attributes (Ri) and relative importance values (rij) in the characteristic permanent function. 
The power plant options and their preference index are presented in Table 16. 
 

Table 16  
Final ranking of NRE power plants 

Power Plants Preference Index Rank 
PCCC  68.258152 5 
STPP 56.335809 8 
GPP 63.255546 6 
BPP 52.420852 10 
NPP 92.257961 1 
PVSPP 52.820908 9 
WPP 76.421187 3 
OPP 59.874832 7 
HPP 74.271622 4 
NGCPP 79.466500 2 



  346

From the values of preference index it is clear that the Nuclear power plant (NPP) is ranked first on the 
priority list. Afgan and Carvalho (2002) also suggested NPP as first choice using ASPID. The second, 
third and fourth place in the final ranking is acquired by Natural gas combined power plant (NGCCP), 
Wind power plant (WPP) and Hydro power plant (WPP) respectively, whereas Afgan and Carvalho 
(2002) suggested HPP as second, NGCPP as third and WPP as sixth choice. The normalized data 
reveals that the option NGCPP is having higher values for three attributes (IC, EC and AR) as compared 
to HPP and WPP. Also the option WPP is better than HPP with respect to three attributes (IC, EC and 
CE). Thus suggesting NGCPP as second, WPP as third and HPP as fourth choice is logical. Moreover, 
Afgan and Carvalho (2002) had not suggested any systematic procedure to assign weights to the 
attributes and to check the consistency of the judgements. To determine the relative weights of the 
attributes they introduced randomization of uncertainty that produces a random weight vector. The 
ASPID method suggested by Afgan and Carvalho (2002) for ranking of power plants is quite 
cumbersome and difficult to understand. Comparatively, the integrated GT-AHP methodology provides 
a simple, logical and consistent approach for assessment of new and renewable energy power plants. 
 
5. Conclusions  

This work introduces a novel approach called integrated graph theory and analytic hierarchy process 
(GT-AHP) method for evaluation and selection of energy technologies. This methodology is developed 
by integrating graph theory (GT) and analytic hierarchy process (AHP) methods and has some desirable 
properties for modeling and solving complex decision making problems. The integrated GT-AHP 
method is successfully applied for evaluation and selection of energy technologies and the results are 
compared with those of other MADM methods employed by previous researchers. 
 

 The computational procedure used in the proposed method is relatively simple compared to 
most of the other multiple attribute decision making methods.  

 The method enables a graphical visualization of various attributes and their inter-relations in 
the form of a digraph model and thus helps to understand the complexity of the problem at a 
glance.  

 The matrix representation of the digraph enables faster processing through the use of computer 
and permits to solve the problem with any large number of attributes.  

 The proposed method can take into account large number of attributes as well as alternatives, 
offering very simple and computationally efficient approach by using fewer formulations.  

 The measures of the attributes and their relative importance are used together to rank the 
alternatives and hence it provides a better evaluation of the alternatives. 

 The proposed method allows the decision maker to systematically assign relative importance to 
the attributes using AHP. The check of consistency in the judgement of relative importance of 
attributes adds advantage to the proposed methodology and reflects its robustness.  

 The permanent function characterizes the considered selection problem as it contains all 
possible structural components of the attributes and their relative importance. Application of 
matrix permanent offers a better appreciation of the considered attributes and helps to analyse 
the different alternatives from combinatorial viewpoint. 

 The use of permanent concept in computing the preference index leads to a total objective value 
without any loss of information. A slight variation in the measure of attributes and their relative 
importance leads to a significant difference in the preference index and hence it is easy to 
compare the alternatives on the basis of their preference index.  

 A comparative analysis of the results obtained by using the integrated GT-AHP method with 
those obtained by past researchers using the other MADM methods showed a good correlation, 
thus proving its applicability, effectiveness and usefulness for application in solving complex 
decision making problems of energy technology selection.  

  
 



P. B. Lanjewar et al./ Decision Science Letters 5 (2016) 
 

347

References 
 
Afgan, N. H., & Carvalho, M. G. (2002). Multi-criteria assessment of new and renewable energy power 

plants. Energy, 27(8), 739-755. 
Afgan, N. H., & Carvalho, M. G. (2004). Sustainability assessment of hydrogen energy 

systems. International Journal of Hydrogen Energy, 29(13), 1327-1342. 
Afgan, N. H., & Carvalho, M. G. (2008). Sustainability assessment of a hybrid energy system. Energy 

Policy, 36(8), 2903-2910. 
Afgan, N. H., Pilavachi, P. A., & Carvalho, M. G. (2007). Multi-criteria evaluation of natural gas 

resources. Energy Policy, 35(1), 704-713. 
Amer, M., & Daim, T. U. (2011). Selection of renewable energy technologies for a developing county: 

a case of Pakistan. Energy for Sustainable Development,15(4), 420-435. 
Avgelis, A., & Papadopoulos, A. M. (2009). Application of multicriteria analysis in designing HVAC 

systems. Energy and Buildings, 41(7), 774-780. 
Begić, F., & Afgan, N. H. (2007). Sustainability assessment tool for the decision making in selection 

of energy system—Bosnian case. Energy, 32(10), 1979-1985. 
Cavallaro, F. (2009). Multi-criteria decision aid to assess concentrated solar thermal 

technologies. Renewable Energy, 34(7), 1678-1685. 
Cavallaro, F. (2010). A comparative assessment of thin-film photovoltaic production processes using 

the ELECTRE III method. Energy Policy, 38(1), 463-474. 
Chinese, D., Nardin, G., & Saro, O. (2011). Multi-criteria analysis for the selection of space heating 

systems in an industrial building. Energy, 36(1), 556-565. 
Diakoulaki, D., & Karangelis, F. (2007). Multi-criteria decision analysis and cost–benefit analysis of 

alternative scenarios for the power generation sector in Greece. Renewable and Sustainable Energy 
Reviews, 11(4), 716-727. 

Dinca, C., Badea, A., Rousseaux, P., & Apostol, T. (2007). A multi-criteria approach to evaluate the 
natural gas energy systems. Energy Policy, 35(11), 5754-5765. 

Garg, R. K., Agrawal, V. P., & Gupta, V. K. (2007). Coding, evaluation and selection of thermal power 
plants–A MADM approach. International Journal of Electrical Power & Energy Systems, 29(9), 
657-668. 

Kabak, M., & Dağdeviren, M. (2014). Prioritization of renewable energy sources for Turkey by using 
a hybrid MCDM methodology. Energy Conversion and Management, 79, 25-33. 

Kahraman, C., & Kaya, İ. (2010). A fuzzy multicriteria methodology for selection among energy 
alternatives. Expert Systems with Applications, 37(9), 6270-6281. 

Kahraman, C., Kaya, İ., & Cebi, S. (2009). A comparative analysis for multiattribute selection among 
renewable energy alternatives using fuzzy axiomatic design and fuzzy analytic hierarchy 
process. Energy, 34(10), 1603-1616. 

Kaya, T., & Kahraman, C. (2011). Multicriteria decision making in energy planning using a modified 
fuzzy TOPSIS methodology. Expert Systems with Applications, 38(6), 6577-6585. 

Lanjewar, P. B., Rao, R. V., & Kale, A. V. (2015). Assessment of alternative fuels for transportation 
using a hybrid graph theory and analytic hierarchy process method. Fuel, 154, 9-16. 

Pilavachi, P. A., Chatzipanagi, A. I., & Spyropoulou, A. I. (2009). Evaluation of hydrogen production 
methods using the analytic hierarchy process.International Journal of hydrogen energy, 34(13), 
5294-5303. 

Pilavachi, P. A., Roumpeas, C. P., Minett, S., & Afgan, N. H. (2006). Multi-criteria evaluation for CHP 
system options. Energy Conversion and Management, 47(20), 3519-3529. 

Pilavachi, P. A., Stephanidis, S. D., Pappas, V. A., & Afgan, N. H. (2009). Multi-criteria evaluation of 
hydrogen and natural gas fuelled power plant technologies. Applied Thermal Engineering, 29(11), 
2228-2234. 

Rao, R. V. (2004). Digraph and matrix methods for evaluating environmentally conscious 
manufacturing programs. International Journal of Environmentally Conscious Design and 
Manufacturing, 12(2), 23-33. 



  348

Rao, R. V. (2006a). A decision-making framework model for evaluating flexible manufacturing 
systems using digraph and matrix methods. The International Journal of Advanced Manufacturing 
Technology, 30(11-12), 1101-1110. 

Rao, R. V. (2006b). A material selection model using graph theory and matrix approach. Materials 
Science and Engineering: A, 431(1), 248-255. 

Rao, R. V. (2007). Decision making in the manufacturing environment: using graph theory and fuzzy 
multiple attribute decision making methods. Springer Science & Business Media. 

Rao, R. V. (2013). Decision making in the manufacturing environment: using graph theory and fuzzy 
multiple attribute decision making methods –Vol.2. Springer Science & Business Media. 

Rao, R. V., & Gandhi, O. P. (2001). Digraph and matrix method for the selection, identification and 
comparison of metal-cutting fluids. Proceedings of the Institution of Mechanical Engineers, Part J: 
Journal of Engineering Tribology, 215(1), 25-33. 

Rao, R. V., & Padmanabhan, K. K. (2006). Selection, identification and comparison of industrial robots 
using digraph and matrix methods. Robotics and Computer-Integrated Manufacturing, 22(4), 373-
383. 

Rao, R. V., & Parnichkun, M. (2009). Flexible manufacturing system selection using a combinatorial 
mathematics-based decision-making method.International Journal of Production Research, 47(24), 
6981-6998. 

Rastogi, M., Chauhan, A., Vaish, R., & Kishan, A. (2015). Selection and performance assessment of 
Phase Change Materials for heating, ventilation and air-conditioning applications. Energy 
Conversion and Management, 89, 260-269. 

Ren, H., Gao, W., Zhou, W., & Nakagami, K. I. (2009). Multi-criteria evaluation for the optimal 
adoption of distributed residential energy systems in Japan.Energy Policy, 37(12), 5484-5493. 

Saaty T. L. (1980). The analytic hierarchy process. McGraw Hill, New York. 
Saaty, T. L. (2000). Fundamentals of decision making and priority theory with the analytic hierarchy 

process (Vol. 6). Rws Publications. 
Saaty, T. L., & Tran, L. T. (2007). On the invalidity of fuzzifying numerical judgments in the Analytic 

Hierarchy Process. Mathematical and Computer Modelling, 46(7), 962-975. 
Saaty T. L., & Tran L. T. (2010). Fuzzy Judgments and Fuzzy Sets. International Journal of Strategic 

Decision Sciences, 1, 23-40. 
Singh, D., & Rao, R. (2011). A hybrid multiple attribute decision making method for solving problems 

of industrial environment. International Journal of Industrial Engineering Computations, 2(3), 631-
644.  

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


