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1 Introduction 

Korea takes 10th place of largest energy consuming nations in the world since she spends 
222 million ton of oil equivalent per year and depends on the most amount of consumed 
energy resources, which account for 96% import in 2008 with the 5.6% self-sufficiency ratio 
of energy resources. The interest of energy technology development has increased due to 
her poor energy environments. Specifically, the fluctuation of oil prices has been easily 
affecting Korean energy environments and economy. Considering her energy environments, 
energy technology development can be one of the optimal solution and breakthrough to 
solve Korea’s energy circumstances, energy security, and the low carbon green growth with 
Korea’s sustainable development. Moreover, energy and environment issues are the key 
factors for leading the future sustainable competitive advantage and green growth of one 
nation over the others nations. Lots of advanced nations have been trying to develop the 
energy technologies with the establishment of the strategic energy technology R&D 
programs for creating and maintain a competitive advantage and leading the global energy 
market.  
In 2005, we established strategic hydrogen energy technology roadmap in the sector of 
developing hydrogen energy technologies for coping with next 10 years from 2006 to 2015 
as an aspect of hydrogen energy technology development. Hydrogen energy technologies 
are environmentally sound and friendly comparing with conventional energy technologies. 
Hydrogen energy technologies can play a key role and is the one of the best alternatives 
getting much attentions coping with UNFCCC and the hydrogen economy. Hydrogen energy 
technology roadmap shows meaningful guidelines for implementing the low carbon green 
growth society.   
We analyzed the world energy outlook to make hydrogen ETRM and provide energy policy 
directions in 2005. It focuses on developing hydrogen energy technology considering Korea’s 
energy circumstance. We make a list of evaluation criteria for assessing and prioritize 
hydrogen energy technologies in the sector of hydrogen ETRM with finite resources and 
R&D funds. The criteria are composed of economic impact, commercial potential, inner 

Proceedings WHEC2010 5



capacity, and technical spin-off. Hydrogen ETRM supplies primary energy technologies to be 
developed with a long-term view for the low carbon green growth. We suggest Korea’s long-
term direction and strategy for developing hydrogen energy technologies in the sector of 
hydrogen ETRM with the hydrogen economy. The main purpose of this research is to assess 
the priority of hydrogen energy technologies in the sector of hydrogen ETRM since we 
allocate and invest R&D budgets strategically as an extended research [1]. In this paper, we 
focus on the assessment of hydrogen energy technologies econometrically by using an 
integrated 2-stage approach, which is fuzzy analytic hierarchy (Fuzzy AHP) process and the 
data envelopment analysis (DEA) in the sector of hydrogen energy technologies. The 
research results suggest the most efficient hydrogen energy technology is selected by the 
multi-criteria decision making approach. In addition it also provides Korean hydrogen energy 
technology policymakers and decision makers with the right hydrogen energy technologies 
econometrically as they implement a strategic R&D plan.  

2 Fuzzy Sets and Numbers 

In the real world, it is not easy to extract precise data concerning measurement indicators. 
And decision makers prefer natural language expression rather than crisp numbers in 
assessment of decision making problems. Fuzzy set theory deals with ambiguous situations 
effectively with the interval values instead of crisp numbers. It looks like human thoughts and 
perceptions of using approximate information and uncertainty to generate the reasonable 
alternative of decision making problem. The concept of fuzzy theory was introduced by 
Zadeh in 1965 [2]. Fuzzy theory includes fuzzy set, membership function, and fuzzy number 
to change vague data into useful data efficiently. Fuzzy set theory implements groups of data 
with boundaries that are not sharply defined. The merit of using fuzzy approach is to express 
the relative importance of the alternatives and the criteria with fuzzy numbers instead of 
using crisp numbers because most of the decision making in the real world takes place in a 
situation where the pertinent data and the sequences of possible actions are not precisely 
known. Triangular and trapezoidal fuzzy numbers are usually used to capture the vagueness 
of the parameters related to select the alternatives. TFN is expressed with boundaries 
instead of crisp numbers for reflecting the fuzziness as decision makers select the 
alternatives or pair-wise comparisons matrix. In this research, we use triangular fuzzy 
numbers (TFN) to prioritize hydrogen energy technology in the sector of hydrogen ETRM 
with fuzziness. TFN is designated as Mij = (lij, mij, uij). mij is the median value of fuzzy number 
Mij. lij and uij is the left and right side of fuzzy number Mij respectively.  
Consider two TFN M1 and M2, M1 = (l1, m1, u1) and M2 = (l2, m2, u2). Their operations laws are 
as follows: 
 

),,(),,(),,( 212121222111 uummllumluml +++=⊕  (1) 
) , ,(),,(),,( 212121222111 uummllumluml ×××=⊗  (2) 

)/1 ,/1 ,/1(),,( 111
1

111 lmuuml =−
 (3) 
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3 Fuzzy AHP 

The analytic hierarchy process (AHP) is a subjective method for analyzing qualitative criteria 
to weight the alternatives. Saaty suggested AHP as a decision making tool to resolve 
unstructured problems since 1977 [3]. Generally, decision making involves various areas 
such as planning, selecting a best policy, the competitiveness analysis [4], and allocating 
resources efficiently. In this research, though the AHP is able to capture the expert’s 
knowledge by perception or preference, the AHP still cannot reflect the human thoughts 
totally with crisp numbers. Therefore, fuzzy AHP, which is a fuzzy extension of AHP, is 
applied to solve the hierarchical fuzzy decision making problems with fuzzy scales instead of 
crisp numbers. Fuzzy AHP is also applied to the real world decision making problem such as 
implementation of the optimal R&D policy, R&D plan and resource allocation widely [5].  
We use the fuzzy scale when decision makers make pairwise comparisons.  
Let nxmijaA )(=  be a fuzzy pairwise comparison judgements matrix. Let ),,( ijijijji umlM =  be a 
TFN. 
The procedure of fuzzy AHP is as follows: 
Step 1: We make pairwise comparisons of attributes by using the fuzzy numbers in the same 
level of hierarchy structure.  
Step 2: The value of fuzzy synthetic extent with respect to the ith object is defined as  
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We calculate TFN value of Si=( li, mi, ui) by the formula (4), (5), (6), and (7).  
Step 3: We compare the values of Si respectively and calculate the degree of possibility of 
Sj=( lj, mj, uj)≥ Si=( li, mi, ui). That can be equivalently expressed as follows:  

)()()( duSSheightSSV
jSjiij ==≥ I
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where d is the ordinate of the highest intersection point between uSi and uSj. We need to both 
the values of )( ij SSV ≥  and )( ji SSV ≥ to compare Si and Sj.  

Step 4: We calculate the minimum degree possibility d(i) of )( ij SSV ≥  for i,j=1,2,….,k .  

k......, 1,2,3,i      ),,.......,,,( 321 =≥ forSSSSSV k  

= )]........(  )()[( 21 kSSandSSandSSV ≥≥≥  

= k......, 1,2,3,i      )(  min =≥ forSSV i  (9)  

Assume that 

k......, 1,2,3,i      ),(  min)(' =≥= forSSVAd ii . 

Then the weight vector is defined as  

T
nAdAdAdW ))(..,),........(),((     '

2
'

1
'' =  (10) 

where iA (i=1,2,…..,n) are the n elements. 

Step 5: We normalize the weight vectors. That is as follows. 

T
nAdAdAdW ))(.,),........(),((     21=  (11) 

where W is a non-fuzzy number.  

4 DEA 

Data Envelopment Analysis is an evaluation tool used in conjunction with decision making 
units (DMUs) that effectively solves many decision making problems by simultaneously 
integrating multiple inputs and outputs. This mathematical method has enjoyed a wide range 
of applications since 1978. The DEA is generally applied not only to assess the service 
productivity of banks, insurance companies, hospitals, universities and restaurants, but also 
to evaluate the efficiency of R&D programs and to implement energy policy [6]. The hierarchy 
structure of the DEA process, which consists of a single input factor and multiple output 
factors. The input factor consists of the development cost associated with the development of 
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hydrogen energy technologies. There are four output factors, namely economic impact, 
commercial potential, inner capacity, and technical spin-off. The relative weights calculated 
using the fuzzy AHP approach, are applied in conjunction with the output factors employed 
as part of the DEA approach. The DEA ration form, proposed by Charnes, Cooper and 
Rhodes, is designed to measure the relative efficiency or productivity of a specific DMUk. The 
DEA formulation is given as follows. Suppose that there is a set of n DMUs to be analyzed, 
each of which uses m common inputs and s common outputs. Let k (k=1, 2, …, n) denote the 
DMU whose relative efficiency or productivity is to be maximized. 
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srurk ,...,1for   ,0 =>  (14) 

mivik ,...,1for   ,0 =>  (15) 

where urk is the variable weight given to the rth output of the kth DMU, vik is the variable weight 
given to the ith input of the kth DMU, urk and vik are decision variables determining the relative 
efficiency of DMUk, Yrj is the rth output of the jth DMU, and Xij is the ith input of the jth DMU. 
This also assumes that all Yrj and Xij are positive. hk is the efficiency score, and is less than 
and equal to 1. When the efficiency score of hk is 1, DMUk is regarded as an efficient frontier. 
There are two types of CCR(Charne, Cooper, Rhodes) and BCC(Banker, Charnes, Cooper) 
models. One version is the input oriented model, in which inputs are maximized, and the 
other is the output oriented model in which the outputs are maximized. As the focus is on 
maximizing multiple outputs, this paper employs the output-oriented CCR and BCC model. 

  min 0px  (16) 
1 s.t    0 =qy  (17) 

0         ≤+− qYpX  (18) 
0  ,0        ≥≥ qp  (19) 

xo and yo are the input and output vector of DMUo. In formular 18, X and Y variables mean 
that the matrix of inputs and outputs respectively. Let an optimal solution of LPo be (v*, u*), 
then an optimal solution of the output-oriented model is obtained from 

****** /u  q  ,/  θθ == vp  (20) 
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It is clear that (p*,q*) is feasible for LPo. The optimal solution comes from the equation (21) 

**
0

*
0

* / x  x ηθ == vp  (21) 
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∧

 (22) 
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∧

+=ηy  (23) 

t-* and t+* are the slack variables of input and outputs related to DMU0. 
There are various extension models of the CCR approach, among which the BCC model is 
representative. The BCC approach calculates the efficient frontier group spanned by the 
convex hull of the existing DMUs. In hence, the condition, which is eλ=1, is added in the CCR 
model considering the variable return to scale characterization, which accounts for increased 
return to scale(IRS), decreased return to scale(DRS), and constant return to scale(CRS). 
The BCC output oriented model is expressed as from formular (24) to (27) 

  min 0vxz =  (24) 
1 s.t    0 =uy  (25) 

0         0 ≥−−− evuYuX  (26) 
signinfreevu       ,0  ,0        v 0≥≥  (27) 

In this research we applied the scale efficiency(SE) approach, which is based on the CCR 
and BCC scores, to measure the relative efficiency of 9 energy technologies in the sector of 
mid-term strategic energy technology development plan from a view point of the 
econometrics. Let the CCR and BCC scores of a DMU be θ*

CCR and θ*
BCC respectively. the 

SE is defined by the formular (28). SE is not greater than the maximum efficiency score one.  

BCCCCRS ** /  E θθ=  (28) 

For a BCC efficient DMU with CRS characteristics, its scale efficiency is one in the maximum 
scale size. The CCR efficiency score is called the global technical efficiency (TE), since it 
takes no account of scale effect as distinguished from pure technical efficiency(PTE). On the 
other hand, BCC expresses the local PTE under variable return to scale circumstances. 

5 Numerical Example 

We make pairwise comparisons of 4 criteria, which are economic impact, commercial 
potential, inner capacity, and technical spin-off, to evaluate hydrogen energy technologies in 
hydrogen ETRM. Table 1 shows the fuzzy evaluation matrix with response to the goal.   
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Table 1:  Fuzzy evaluation of the goal. 

 

Table 2:  Fuzzy evaluation of criteria. 

 
 
As a result of fuzzy evaluation of criteria, which is the mean value, is shown in Table 2. We 
calculate TFN values of 4 criteria by using the fuzzy evaluation values in Table 2. TFN values 
of criteria are as follow as an example:  

S1(Economic impact)=(3.97, 4.60, 5.40) ⊗ (1/20.20, 1/16.60, 1/14.01)=(0.20, 0.28, 0.39)  
We compare the values of Si respectively and calculate the degree of possibility of Sj=( lj, mj, 
uj) ≥ Si=( li, mi,ui) by the formula (8). Table 3 shows the values of V(Sj≥Si). 

Table 3:  Values of (Sj≥Si). 
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Table 4:  10-point scale for IC and TS. 

 
 

We calculate the minimum degree possibility d′(i) of V(Sj≥Si) for i,j=1,2,….,k . 
D′(1)=min V(S1≥S2, S3, S4)=min(1.00, 1.00, 1.00)=1.00, D′(2)= 1.00, D′(3)=0.72, D′(4)=0.70 
Then the weight vector is like that:  
W′ =(1.00, 1.00, 0.72, 0.70)T  
We normalize the weight vectors. That is as follows: 
W =(0.29, 0.29, 0.21, 0.20)T  
The final relative weights of 4 criteria, which are economic impact, commercial potential, 
inner capacity, and technical spin-off, are 0.29, 0.29, 0.21, and 0.20 respectively. In 4 criteria, 
economic impact and commercial potential are the most preferred criteria comparing with the 
other criteria through the result of Fuzzy AHP approach with making pairwise comparisons of 
4 criteria. 

Table 5:  10-point scale for EI. 

 
 

Table 6:  10-point scale for CP. 
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Shored listed hydrogen energy technologies are classified based on a 10-point scale. Table 
4 shows the 10-point scale for inner capacity and technical spin-off. Table 5 and 6 display, 
respectively, the 10-point scale for economic impact and commercial potential. A single input 
and multiple outputs data, which is short listed hydrogen energy technologies, are described. 
The fuzzy AHP results multiples the 10 point scale and DEA approach is used to measure 
the relative efficiency of hydrogen energy technologies. We calculate the relative efficiency of 
hydrogen energy technologies by using the DEA approach in the second stage. Table 7 
presents the relative efficiency scores and ranks of hydrogen energy technologies in the 
sector of hydrogen energy technology roadmap. 

Table 7:  Relative efficiency of hydrogen energy technologies. 

 
 

6 Conclusions 

Hydrogen ETRM is a long-term strategic plan, which is established by KIER, coping with next 
10 years from 2006 to 2015. We focus on the strategic development of hydrogen energy 
technologies as the only government sponsored research institute related to develop energy 
technologies in Korea. When governors or policy makers make an allocation of finite R&D 
budgets related to develop energy technologies strategically, it needs to allocate R&D 
budgets reasonably and scientifically. Through this extended research results, finite R&D 
budgets can be allocated with strategic approach for Korea’s well focused R&D. In this 
research, we focus on the prioritization of hydrogen energy technologies and expound up 
how hydrogen energy technologies are measured the relative efficiency scores using 2-stage 
multi-criteria decision making approach, which accounts of fuzzy AHP and DEA approach 
with scale efficiency. For further study, we are planning to apply the fuzzy AHP and TOPSIS 
approach as an extended research. 
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