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ABSTRACT

This study presents application of Multi-criteria
methodologies for selection of Distributed Electricity
Generation through Renewable Energy in India. The
first example is a review of an attempt towards
identifying potential areas in India where electricity can
be generated and supplied through renewable energy-
based decentralized generation options by undertaking
a comparison of the indicators of financial performance.
The second example is aimed at determining the best
renewable energy alternative for India by using an
Integrated fuzzy VIKOR-AHP methodology. Attempt
has been made to arrive at a conclusion as to what is the
best method of analysis and the appropriate scheme for
India.
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I. INTRODUCTION

One way of providing access to electricity in remote areas is
through the extension of the grid [1]. Wherever providing
grid connectivity is not cost-effective, decentralized
electricity generation is an option for which both renewable
energy as well as conventional technologies, whichever is
suitable and economical, is considered.

This paper first makes a review of study in India, where
electricity can be generated and supplied through renewable
energy-based decentralized generation options or by
extending the grid, by undertaking a comparison of unit
capital cost and the levelised unit cost of electricity (LUCE).
Next the paper uses an integrated fuzzy VIKOR-AHP
methodology to make multi-criteria selection among energy
options. Finally an attempt is made to compare the two
methods.

Il. THE LEVELISED UNIT COST OF
ELECTRICITY (LUCE) METHOD

In terms of the unit capital cost, diesel generating set-based
systems is the most attractive followed by coal thermal
(CTPP), nuclear and large hydro (HPP) [1]. Among
renewable energy-based options, biomass gasifier-based
systems (BGPP) option is the most attractive option in terms
of unit capital cost. In terms of the LUCE, CTPP is the most
attractive among the conventional electricity-generating
options. In the hilly terrain the cost of delivered electricity is
estimated to vary in the range of 0.074-5.123 $/kWh. When
compared with the values of LUCE (0.101-1.045 $/kWh) of
decentralized generation options, it is observed that the latter
may emerge financially attractive in comparison to former
in some potential areas [2-5].

The Small hydro (SHP) is the preferred option in hilly areas
for a grid extension of 2 km if the village is small. For larger
villages, the SHP option becomes viable for grid extension
of 15km. The dual-fuel biomass gasifier-based system (DF
BGPP) for larger villages is the preferred option if the grid
extension is about 14-22km in plain areas. For smaller
villages in hilly areas, DF BGPP option is the preferred
option, if grid extension is of 5-15km and SHP is not
feasible. Small wind electric generators and Photo-voltaic
options are preferable in hilly areas for smaller villages if
grid extension is of 3-16km and SHP and DF BGPP options
are not feasible [1].

. THE
METHOD
VIKOR is a multi-attribute decision making technique
having simple computation procedure that allows
simultaneous consideration of the closeness to ideal and
anti-ideal alternatives [6]. In this study, a modified fuzzy
VIKOR methodology is used to make a multi-criteria
selection among energy options for India. The decision
makers’ opinions on the relative importance of the selection
criteria are determined by a fuzzy AHP procedure. Table |
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lists the criteria utilized in evaluating renewable energy
alternatives. The energy alternatives considered are:
Thermal (E,), Large hydro (E,), Nuclear (E3), Biomass (E.),
Diesel engine (Es), Small hydro (Eg), Solar (E;) and Wind
(Eg). The structure of the renewable energy planning
decision making problem formulated in this study is
presented in Fig. 1.

Next, the steps of the integrated fuzzy VIKOR-AHP
algorithm are implemented. In order to determine the
importance of each criterion, the experts employed a nine
point scale given in Table Il. Table Il gives the results of
the pair wise comparisons of the evaluation criteria made by
three experts. In the next step, using Table Il and Table I11,
the fuzzy evaluation matrix for the criteria weights is
obtained as in Table IV. Finally, the normalized weight
vector is obtained as in Table V [7].

Next step is the determination of the best energy source with
the modified fuzzy VIKOR procedure. To do this, three
experts evaluated the eight energy alternatives with respect
to each criterion using Table VI. Evaluation results are
given in Table VII. After calculating the arithmetic means of
the associated fuzzy evaluation scores, fuzzy evaluation
matrix is obtained as in Table VIII. Then, separation
measures are computed as in Table IX. In the next step, S*,
S, R*and R fuzzy values are calculated (Table X). Table
X1 gives the results of the integrated fuzzy VIKOR-AHP

TABLE I LIST OF EVALUATION CRITERIA IN MULTI-CRITERIA
DECISION MAKING
Aspects Criteria Notation
Technical Efficiency Cy
Exergy (rational) efficiency C,
Economic Investment cost Cs
Operation & maintenance cost Cs
Environmental NO emission Cs
CO, emission Cs
Land use Cr
Social Social acceptability Cs
Job creation Cq
TABLE Il FUZZY EVALUATION SCORES FOR THE WEIGHTS
Linguistic terms Notation Fuzzy score
Absolutely Strong AS (2,512, 3)
Very strong VS (3/2,2,5/2)
Fairly strong FS (1,3/2,2)
Slightly strong SS (1,1, 3/2)
Equal E (1,1,1)
Slightly weak SW (2/3,1,1)
Fairly weak FS (1/2,213,1)
Very weak VS (2/5, ¥, 213)
Absolutely weak AW (1/3, 2/5, %2)

analysis results. Based on the crisp Q; index values, the
ranking of the alternatives in descending order is determined
as Es, E3, E4, E7, Eg, Ey, Es and E;. The best alternative is
found to be Es (Small hydro).

GOAL: Energy technology
selection

Economic

Technical

T

Environmental Social

Figure 1. The hierarchical structure for the selection of energy technology.
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TABLE IlI. PAIRWISE COMPARISON OF ENERGY SOURCE EVALUATION CRITERIA
C1 Cz C3 C4 C5 Cs C7 Cs C9
Cl 1 El:SS El:VS El:FS El:SW El:SW El:SW El:SS El:FS
EZ:SW Ez:FS EZ:SW Ez:VW Ez:VW Ez:SS Ez:SS Ez:SS
E3:SS E3:FS Es:E E3:SW Es:VW Es:E E3:SS E3:FS
Cz El:SW 1 El:SS E..E El:SW El:SW E..FW El:SS El:SW
Ez:SS Ez:SS E..FW E,.E E,: VW Ez:VS Ez:VS Ez:SS
E3:SW Es:E E3:SW Es:E E3:SW Es:E E3:VS E3:SW
Cs E;:VW Ei:SW 1 Ei:FS E..FW Ei:SW E..FW E..E EiE
E..FW EZ:SW E,.E Ez:SS E..FW Ez:SS Ez:VS Ez:SS
Es:FW EsE Es:E Es:FW E3:SW Es:E E3:SS E3:SS
Cy E..FW EiE Ei:FW 1 E..FW E..FW Ei:SW Ei:SW E..E
Ez:SS Ez:FS E,.E E,. AW Ez:FS Ez:FS E..FW E..FW
EsE E3:FS EsE Es:FW Es:FW EsE E3:SW E3:SW
C5 E1:SS E1:SS Ei:FS Ei:FS 1 E..FW Ei:SW E..E Ei:SW
Ez:VS E,.E EZ:SW Ez:AS E,. AW E..FW Ez:AS Ez:FS
E3:SS Es:E E3:FS E3:FS Es:FW E3:SW E3:FS Es:E
C(; El:SS El:SS El:SS El:FS El:FS 1 El:SS El:SS El:FS
Ez:VS Ez:VS Ez:FS E..FW Ez:AS E,. AW EZ:SW E,.:VW
E3:VS E3:SS E3:SS E3:FS E3:FS E3:SS EsE EsE
C7 El:SS El:FS El:FS El:SS El:SS El:SW 1 El:FS El:VS
EZ:SW E,: VW EZ:SW E..FW Ez:FS Ez:AS Ez:FS Ez:AS
E3:E E3:E E3:E E3:E E3:SS E3:SW E3:E E3:AS
Cs El:SW El:SW El:E El:SS El:E El:SW El:FW 1 El:VS
EZ:SW Ez:VW Ez:VW Ez:FS Ez:AW Ez:SS EZ:FW EZ:E
E3:SW E3:VW E3:SW E3:SS E3:FW E3:E E3:E E3:SS
Cg El:FW El:SS El:E El:E El:SS El:FW El:VW El:VW 1
EZ:SW EZ:SW EZ:SW Ez:FS EZ:FW Ez:VS Ez:AW EZ:E
E3:FW E3:SS E3:SW E3:SS E3:E E3:E E3:AW E3:SW
TABLE IV. FUzzY EVALUATION MATRIX FOR THE WEIGHTS
C1 Cz C3 C4 C5 Cs C7 Cs C9
C: |10,10,1.0 [09,10,13 | 1217,22 [ 09,1213 | 06,0809 |050708 |091012 |10,1.0,15 | 1.0,13,18
C, |081012 |10,10,1.0 | 1.0,1.0,13 | 07,09,10 | 09,1.0,1.0 | 06,0809 | 1.0,12,15 |13,17,22 | 08,1.0,12
C; | 050609 |0810,10 |10,1.0,10 | 1.0,12,13 | 06,08,1.0 | 06,09,1.0 | 08,09,1.2 |12,13,1.7 | 1.0,1.0,13
C, |0809,12 | 10,1317 | 080910 | 10,10,10 | 04,06,08 |0.7,10,13 |09,12,1.3 | 06,09,1.0 | 0.7,09,1.0
Cs |121318 |10,10,12 | 09,1317 | 13,1823 | 1.0,10,1.0 | 04,0608 | 0.6,09,1.0 | 13,1.7,20 | 09,12,13
Ce |13,17,22 |121318 |10,12,1.7 | 09,1317 | 13,1823 |10,1.0,10 |08,08,1.2 | 09,1.0,12 | 08,10,1.2
C; |09,10,12 |08,10,12 | 09,1213 | 08,09,12 | 1.0,12,1.7 | 11,1517 | 1.0,10,1.0 | 1.0,1.3,1.7 | 1.8,23,2.8
Cs |07,10,10 | 050708 | 070809 |10,12,17 | 06,0708 |09,10,12 |0708,10 |10,1.0,1.0 | 1.2,13,17
C, |06,0810 |091013 |[081.0,10 |10,12,15 |0809,1.2 |1.0,12,15 | 04,04,06 | 07,0809 |1.0,1.0,1.0
TABLE V. RESULTS OF FUZZY AHP EXTENT ANALYSIS PROCEDURE
S=M=(,m,u) | Wed(C) | W=dc)' IV. CONCLUSION
C: | 0076,0.112,0.167 | 0.806 0.116 The LUCE method, based on site specific data, concludes
C, | 0.077,0.111,0.157 0.775 0.111 . - . . .
C, | 0.071,0.100,0.144 0.644 0.092 that in terms of the unit capital cost, diesel generating set-
C, | 0.066,0.100,0.143 0.640 0.092 based systems appear to be the most attractive followed by
Cs | 0082,0124,0182 ) 0.931 0.134 coal thermal, nuclear and large HPP for India. Among
Cs | 0.087,0.128,0.198 0.973 0.140 | . . ifi
C, | 008801310191 | 1.000 0143 renewable energy-based options, Biomass gasifier-based
Cs | 0.069,0.098, 0.140 0.611 0.088 system is the most attractive option in terms of unit capital
Co | 0.068,0096,0139 | 0.593 0.085 cost. In terms of the LUCE, coal thermal option is the most
attractive options among the conventional electricity-
generating options. The ‘Small hydro (SHP)’ is the preferred
TABLE VI. FUZzzY EVALUATION SCORES FOR THE ALTERNATIVES Option in hi"y areas for grid extension
Linguistic terms Notation Fuzzy score The integrated Fuzzy VIKOR and AHP method also
Very poor VP (0,0,1) determines ‘Small hydro’ as the best energy alternative for
- soor P 8 y gg India followed by Nuclear and Biomass.
Fair = (3.5.7) Overall these methods agree but the LUCE method (being
Medium good MG (57,9 site specific) gives the best assessment.
Good G (7,9, 10)
Very good VG (9,10, 10)
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TABLE VII.  EVALUATION SCORES OF THE ENERGY ALTERNATIVES
C1 Cz C3 C4 C5 Cs C7 Cs C9
E. E..P E..P E..P E.:F E::MP E::MP E.:P E.:MP E.:F
E,:F E,:F E,:F E,:F E,:VP E,:P E,:F E,:F E,:F
Es:P Es:MP Es:MP EsiF Es:MP Es:P Es:MP Es:MP EsiF
E, E.:F E.:F El:MG E.:F El:G El:G E::MP E::MP El:G
E,.P E,.P E,.P Ez:G Ez:VG Ez:VG E,.P E,.P E,.F
Es:F Es:P Es:P E3:MG E3:G E3:G Es:P Es:P E3:MG
E3 El:VG El:G E::MP E::MP El:MG El:MG El:MG El:G El:G
Ez:G Ez:G E,.P E,.F Ez:VG Ez:VG E,.F E,.P E,.P
E3:MG E3:MG Es:MP Es:F E3:G E3:G E3:MG Es:P E3:G
Es E::VP E..P El:G El:G El:G El:G El:G El:G E::VP
E,.F E,.F Ez:G E,.F E,.F E,.F Ez:VG Ez:VG E,.P
Es:P Es:MP E3:VG E3:G E3:G E3:MG E3:MG E3:MG Es:MP
E5 E::MP E::MP E.:F E.:F E::MP E::MP El:MG El:MG E..F
E,:VP E,:VP E,:F E,:F E,:P E,:P E,:F E,:F E,:P
Es: VP Es:MP Es:F Es:F Es:MP Es:MP Es:F Es:MG Es:MP
E6 El:G El:G El:MG El:MG El:VG El:VG El:MG El:MG El:MG
E,.P E,.P Ez:G Ez:G Ez:G Ez:G Ez:G Ez:G E,.P
E3:MG E3:MG E3:G E3:G E3:VG E3:MG E3:G E3:MG Es:F
E; E::MP E::MP E::MP El:VG El:VG El:VG El:MG El:MG E::VP
E,.P E,.P E,.P Ez:VG Ez:VG Ez:VG Ez:G Ez:G E,.F
Es:MP Es:P Es:P E3:VG E3:VG E3:VG E3:G E3:MG Es:MP
ES E::MP E::MP E.:F E.:F El:VG El:VG E::MP E..F E::VP
Ez:G Ez:G E,.P E,.F Ez:VG Ez:VG E,.P Ez:G Ez:G
Es:F Es:F E;:F E;:F E;:VG Es:VG E;:MP Es:G Es:G
TABLE VIII. FUZZY EVALUATION MATRIX FOR THE ALTERNATIVES
C, C, Cs C, Cs Cs C; Cs Co
E, | 10,2343 | 17,3757 | 17,37,57 | 30,50,70 |0720,37 |031737 |1330,50 | 173757 | 3.0,5.0,7.0
E, | 20,3757 | 10,2343 | 17,30,50 | 50,7087 |77,93,100 | 7.7,93,100 | 03,1.7,37 | 03,1.7,37 | 50,7.0,8.7
E; | 70,8797 | 63,8397 | 07,2343 | 23,4363 |70,87,97 |70,8797 |4363,83 |233753 | 47,6377
E, | 1.0,2.0,37 | 13,30,50 | 7.7,9.3,100 | 57,7.7,90 |5.7,77,90 |5.0,7.0,87 | 7.0,87,97 | 7.0,87,9.7 | 0.3,1.3,3.0
Es | 03,1.0,23 | 07,20,37 | 3.0,50,70 | 3.0,50,70 | 07,23,43 | 07,23,43 |3.7,57,77 | 43,6383 | 1.3,3.0,5.0
Es | 40,57,73 | 40,57,73 | 63,83,97 | 6.3,83,9.7 | 83,97,100 | 7.0,87,97 | 6.3,83,97 |5.7,7.7,93 | 27,4363
E; | 07,2343 |03,17,37 |03,17,37 | 90,10, 10 | 9.0,10,10 | 9.0,10,10 | 6.3,83,9.7 | 5.7,7.7,93 | 1.3,2.7,43
Es | 3.7,57,73 | 37,5773 | 30,5070 | 30,5070 |90,10,10 |9.0,10,10 | 0.7,23,43 |5.7,7.7,90 | 47,6.0,7.0
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