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In many power sys tem prob lems, the use of op ti mi za tion tech niques has proved in duc -
tive to re duc ing the costs and losses of the sys tem. A fuzzy multi-ob jec tive de ci sion is
used for solv ing power sys tem prob lems. One of the most im por tant is sues in the field
of power sys tem en gi neer ing is the gen er a tion ex pan sion plan ning prob lem. In this pa -
per, we use the con cepts of mem ber ship func tions to de fine a fuzzy de ci sion model for
gen er at ing an op ti mal so lu tion for this prob lem. So lu tions ob tained by the fuzzy de ci -
sion the ory are al ways ef fi cient and con sti tute the best com pro mise.
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INTRODUCTION

Elec tric ity is the ba sic form of en ergy in mod ern
so ci et ies and the de mand for it has been in creas ing
year af ter year. A wide spread use of var i ous ad vanced
elec tronic ap pa ra tus in ten si fies the sheer need for high 
qual ity elec tric en ergy. Gen er a tion fa cil i ties of a
power sys tem must be ex panded if it is to be able to
meet fu ture de mand in crease. Hence, the gen er a tion
ex pan sion plan ning (GEP) prob lem is per ceived to be
an im por tant is sue in the field of power sys tem en gi -
neer ing. GEP con cerns the prob lem of when and
where to build new power plants to meet fu ture en ergy
de mand and to min i mize the sum of fixed and vari able
costs of gen er a tion fa cil i ties. 

GEP has been for mu lated as a non-in te ger pro -
gram ming prob lem in which a con tin u ous vari able is

al lo cated to each type of gen er at ing units [1-3]. One
pos si ble ap proach is to ap ply lin ear pro gram ming af ter 
linearizing the orig i nal prob lem [4]. Gen er ally, the
pro posed ap proach is based on non-lin ear pro gram -
ming [5].

GEP may be for mu lated as a multi-ob jec tive op -
ti mi za tion prob lem in which the econ omy, sys tem se -
cu rity, and en vi ron men tal stress should be si mul ta -
neously taken into ac count. GEP has to cover a long
time span, well ex ceed ing a de cade or two. This means
that it should in clude as sump tions which hardly
change or are li a ble to un cer tain ties dur ing the plan -
ning pe riod. In re al ity, plan ning en gi neers must make
up many al ter na tive plans to al low for these un cer tain -
ties and fu ture fluc tu a tions of ba sic pa ram e ters such as
fuel costs and de mand fore casts. The de ci sion maker
(DM) must se lect be tween these al ter na tive plans.
Thus, the in cor po ra tion of un cer tain ties has been the
re cent trend in GEP [6].

The so lu tions to the multi-ob jec tive op ti mi za tion
prob lems are the Pareto so lu tions which con sist of un -
count able so lu tion points. The DM must de cide/se lect
one out of the count less so lu tions pos si ble by con sid er -
ing var i ous fac tors re lat ing to the plan ning in ques tion. 

Bell man and Zadeh [7] and Esogbue and Bell -
man [8] deal with de ci sion-mak ing in a fuzzy en vi ron -
ment. They con sider fuzzy ob jec tives and fuzzy con -
straints as fuzzy sets in the realm of al ter na tives.
Zimmerman [9] deals with the fuzzy ap proach for
solv ing lin ear pro gram ming with multi-ob jec tive
func tions. He shows that so lu tions ob tained by the
fuzzy ap proach are al ways ef fi cient ones. He also
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dem on strates the con se quence of us ing dif fer ent ways
of com bin ing in di vid ual ob jec tive func tions in or der
to de ter mine an op ti mal com pro mise so lu tion. 

The struc ture of this pa per is as fol lows: in the next
sec tion we for mu late the GEP as a lin ear pro gram ming
prob lem and afterwards we use the con cepts of mem ber -
ship func tions to de ter mine an op ti mal com pro mise so lu -
tion to our prob lem. Then, an il lus tra tive nu mer i cal test is 
pro vided to dem on strate the ef fi ciency of our pro posed
ap proach; fi nally, we list the con clu sions reached.

THE FORMULATION OF THE
GEP PROBLEM   

The fuzzy, multicriteria-plan ning prob lem was
first for mu lated by Slowinski [10] for a wa ter dis tri bu -
tion sys tem. Teghem and Kunsch [11] pre sented an in -
ter ac tive, sto chas tic multiobjective-anal y sis of a small
power sys tem us ing a lin ear pro gram ming pack age.
Miranda and Matos [12] pre sented the ba sic con cepts
and tools to model the un cer tainty in elec tric dis tri bu -
tion sys tems with fuzzy sets, while Mohammadi et al.
[13] pre sented a fuzzy-de ci sion mak ing pro ce dure for
en gi neer ing elec tric power dis tri bu tion sched ul ing.
Ponce de Leao and Matos [14] con cep tu al ized the elec -
tric dis tri bu tion prob lem as a fuzzy multiobjective
prob lem, while Kagan and Ad ams [15] ex tended
Slowinski’s pro ce dure [10] to the elec tric dis tri bu tion
sys tem. Miranda et al. [16] pro posed an ap proach based 
on ge netic al go rithms for the fuzzy multi-stage prob -
lem.

The fuzzy set the ory seems to be a nat u ral set ting
for such multiobjective prob lems. Ac cord ing to the
work of Hiroshi Sasaki and Junji Kubokawa [17], the
GEP prob lem can be de fined as a prob lem of gen er a -
tion tech nol o gies and trans mis sion net works to be in -
stalled to sup port power ex change be tween ar eas.
They as sumed the fol low ing:

(1) fuel cost is the same among ar eas un der con sid er -
ation, that is, the cost is the same for the same kind
of gen er a tion tech nol ogy,

(2) each unit has no time de lay in its start-up and shut -
down,

(3) each unit can be op er ated with out any fault,
(4) pri or ity or der in the start-up pro cess is pre de ter -

mined,
(5) load du ra tion curve, max i mum de mand and spin -

ning re serve are given, and
(6) the load du ra tion curve, which is the same for all

ar eas, is as sumed to con sist of five lev els, as
shown in fig. 1.

The last as sump tion is nec es sary if the prob lem
is to be solved by lin ear pro gram ming. Sym bols m, i,
and k de note the load level, area, and kind of gen er a -
tion tech nol ogy, re spec tively. The set of con straints
and ob jec tive func tions are ex plained in the fol low ing
two sub sec tions.

Constraints

We have many types of con straints, such as con -
straints on the gen er a tion ca pac ity, on the out put share
of each gen er a tion tech nol ogy, on the out put of each
gen er a tion tech nol ogy, power ex change, ca pac ity of a
new in stal la tion and, fi nally, con straints on the lower
and up per lim its of the fluc tu a tion in a fore casted load.

Con straints on gen er a tion ca pac ity

This has to do with the max i mum gen er a tion ca -
pac ity of the to tal sys tem rel a tive to the max i mum load
de mand and may be ex pressed by

( ) ( ) ( )x x r D Dik ik
ki

i i
i

+åå ³ + +åD D1 (1)

where xik is the ca pac ity of the ex ist ing tech nol ogy k in
area i, Dxik – the ca pac ity of a newly in stalled tech nol -
ogy k in area i, Di – the min i mum fore casted load de -
mand in area i, DDi – the change in the fore casted load
de mand in area i, and r – the re serve rate.

Con straints on the out put share of
each gen er a tion tech nol ogy

The sum of the out put of each gen er a tion tech -
nol ogy must be equal to the sum of power ex change
load de mand at each load level

Y L L d d

L L
ijk

mik mij mij mi mi

mij mji

= + +åå +

= -

( )D D

(2)

where Ymik is the gen er a tion share of tech nol ogy k at
load level m in area i, Lmij – the power ex change be -
tween ar eas i and j through the ex ist ing trans mis sion
line at load level m, DLmij – the power ex change be -
tween ar eas i and j through the new trans mis sion line at 
load level m, dmi – the fore casted load de mand in area i
at load level m, and Ddmi – the change in fore casted
load de mand at load level m in area i.
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 Fig ure 1. Ap prox i mated load dur ing curve



Con straints on the out put of each
gen er a tion tech nol ogy

At each load level, the out put of each gen er a tion
can not ex ceed its in stal la tion ca pac ity

Y x x
ii

mik ik ik£ +åå ( )D (3)

Con straints on power ex change

The amount of power ex change be tween two ar -
eas must not ex ceed the trans mis sion ca pac ity of the
trans mis sion line

L L L Lmij ij mij ij£ £; D D (4)

where Lij is the trans mis sion ca pac ity of the ex ist ing
line be tween ar eas i and j, and DLij – the trans mis sion
ca pac ity of the new line be tween ar eas i and j.

Con straints on the ca pac ity of
a new in stal la tion 

There are cer tain con straints on the ca pac ity of a
newly in stalled gen er a tion tech nol ogy and trans mis -
sion lines. This is clear in the case of nu clear plants.
Since any nu clear unit is op er ated at a con straint out -
put, it can not fol low up load vari a tions, i. e. the max i -
mum to tal ca pac ity of nu clear units should be pre -
scribed so that they could be used as base load ing

D D D D DX X X L Lik ik ik ij ij£ £ £; (5)

where D DX Xik ikand  are the lower and up per lim its
of a new in stal la tion of tech nol ogy k in area i, re spec -
tively, and DLij – the up per limit of ca pac ity of a new
trans mis sion line be tween ar eas i and j.

Lower and up per lim its of
fluc tu a tions in a fore casted load

The fluc tu a tions be tween the ac tual load de -
mand and the fore casted one dur ing a plan ning pe riod
may lie in a range

D D DD D Di i i£ £ (6)

where D DD Di iand  are the lower and up per lim its of
fluc tu a tions in a de mand fore cast, re spec tively.

Objective functions

Ac cord ing to the model of Hiroshi Sasaki and
Junji Kubokawa [17], we shall take into con sid er ation
the three ob jec tive func tions of the GEP prob lem, that
is, econ omy, sup ply re li abil ity, and en vi ron men tal im -
pact, as sum ing that all the vari ables can as sume con -
tin u ous val ues. For the ob jec tive of sup ply re li abil ity,
the re serve rate of about 6-10% of its peak de mand is

as sumed so as to ac com mo date for un fore seen faults
or sud den loss of gen er a tion.

Eco nomic ob jec tive func tion
(to be min i mized) 

For this ob jec tive, the sum of an nual in vest ment
costs of gen er a tion plants, trans mis sion lines, fuel costs
and pur chase costs through in ter change is con sid ered. It 
is as sumed that in vest ment costs are in pro por tion to its
ca pac ity and fuel costs to the amount of elec tric en ergy
prod uct. The cost of power pur chase is as sumed to be
pro por tional to the ca pac ity of the inter-tie trans mis sion
line. The eco nomic ob jec tive is ex pressed as

Z f x R Y T R

c L R b L

kimki
1 = + +ååååå

+ +

ik ik k mik m

ij ij ij mi

D

D D

n

( j mij m+ååååå L T R
jimji

) (7)

where  fik is the an nual in vest ment costs of gen er a tion
tech nol ogy k in area i per unit, R – the con ver sion co ef -
fi cient to the pres ent worth, nk – the fuel costs of gen er -
a tion tech nol ogy k, Tm – the du ra tion of load at level m,
cij – the an nual in vest ment costs of trans mis sion lines
be tween ar eas i and j per unit, and bij – the an nual costs
of power ex change be tween ar eas i and j per unit.

En vi ron men tal ob jec tive func tion
(to be min i mized)  

Al though ther mal plants emit NOx, SOx, as well
as CO2, only CO2 will be taken into con sid er ation for
the sake of sim plic ity. The amount of CO2 emis sion is
as sumed to be in pro por tion to the gen er ated en ergy
and ex pressed by

Z e Y T R
kim

2 = ååå k mik m (8)

where ek de notes the emis sion co ef fi cient of CO2 of
tech nol ogy k.

Sup ply re serve mar gin ob jec tive func tion 

This ob jec tive re flects fluc tu a tions in the load fore -
cast and should be max i mized to keep high sup ply re li -
abil ity. The sum of fluc tu a tions in load de mand in all ar -
eas is to be con sid ered and this ob jec tive ex pressed as

Z D
i

3 = åD i (9)

THE FUZZY DECISION APPROACH 

In what fol lows we will re strict our con sid er -
ation to de ter min ing the op ti mal com pro mise so lu -
tions to our prob lem. The fuzzy ap proach is used for
de ter min ing pos si ble so lu tions. In pro posed model, as
op posed to the ap proach given in ref er ence [17], we
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will for mu late the prob lem in a fuzzy ver sion by
fuzzificating all ob jec tive func tions (7), (8), and (9).
This ap proach has the fol low ing ad van tages:
(1) the prob lem is sim pli fied and the rep re sen ta tion more

re al is tic and prac ti cal, this is be cause we are deal ing
with a fuzzy, not a well de fined prob lem as it is, and

(2) the use of mem ber ship func tions to rep re sent the
goals of the DM of fers ex cep tional flex i bil ity for
the de ci sions pro posed.

Ac cord ing to Zim mer mann’s ap proach [9], the lin -
ear mem ber ship func tions for the ob jec tives: min Z1, min
Z2, and max Z3 are re de fined, re spec tively, as fol lows
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where Z Z Z Z Z Z
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min , min , min ,

max , max , and Z Z3 3= max .

The prob lem now is how to ag gre gate the ob jec -
tive func tions into the fuzzy state. An ex tended con -
cept of Bell man and Zadeh [7] and Zim mer mann [9]
posed two ag gre gate op er a tors, the min op er a tor, a
non-com pen sa tory op er a tor, and the prod uct op er a tor,
a com pen sa tory one. How ever, the prob lem re sult ing
from us ing a prod uct op er a tor is non-lin ear and gen er -
ally dif fi cult to solve. Thus, the prod uct op er a tor is sel -
dom used. There fore, the con junc tion and/or the min
op er a tor must be used, giv ing

l m m m= min( , , )Z Z Z1 2 3 (10)

where l is the fi nal mem ber ship func tion. The min op -
er a tor can be re placed by in equal ity and in ad di tion, we
would like to ob tain the max i mum value of  l. Thus, the
fi nal pro gram ming prob lem is ob tained from the above
equa tion as

max l (11)
sub ject to

l l l1
1 1
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                        Set of constraints (1-6)

The dis ad van tage of (10) or (11) is due to the
non-com pen sa tory na ture of the min op er a tor. To over -

come this dif fi culty, a com pen sa tory op er a tor may be
used. Lee and Li [18] pro posed the use of an ar ith met i -
cal av er age op er a tor and then our prob lem be comes

max ( )b l l l= + +
1

3
1 2 3 (12)

sub ject to
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                         Set of con straints (1-6).

Even with the com pen sa tory op er a tor, the re sults 
are un bal anced. In or der to bal ance them, Lee and Li
[18] pro posed the ad di tion of a sec ond phase of their
pro ce dure by us ing the nu mer i cal re sults of the first
phase. As sum ing the so lu tion ob tained for the first is 
( , , )* * *l l l1 2 3 , the sec ond phase is for mu lated as

max ( )b l l l= + +
1

3
1 2 3 (13)

sub ject to

l l l l
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                         Set of con straints (1-6).

NUMERICAL TEST SYSTEM

For the sake of clar ity, the pro posed fuzzy ap -
proach is tested by the fol low ing sys tem. Four kinds
of gen er a tion sources are con sid ered: wind (e.g.
Al-Zaafrana Plant), wa ter (e. g. High Dam), oil (e. g. 
Assuit Plant), and liq ue fied nat u ral gas (LNG) (e. g.
North Cairo Plant).

Four ar eas and a pe riod of plan ning of 10 years
were taken into con sid er ation. Fig ure 2 shows this
sys tem where gen er at ing plants and trans mis sion
lines de picted in doted lines sig nify fu ture pos si ble
in stal la tions, while ex ist ing plants are de picted in
solid lines. Open cir cles rep re sent the gen er a tion
pos si bil ity dis tri bu tion of the gen er a tors and ar rows
rep re sent the load pos si bil ity dis tri bu tion at that
area. Con ver sion co ef fi cient from oil to LNG is
1.183 and we have two load lev els of 14600 and
13850 MW. Load de mands in the ref er ence year and
de mand fore casts in the tar get year in each area are
given in tab. 1. 

We solved prob lem (12) and got the val ues 
l l l1 2 3

* * *, , and of and then solved prob lem (13). For
solv ing prob lems (12) and (13), we used the WinQSB
soft ware which uses the branch and bound method.
Fig ures 3-5 show that the val ues of ob jec tive func tions 
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are op ti mal in the case of fuzzificating. In fig. 5, the
cost in the crisp case is clearly the op ti mum value, oc -
cur ring when there was no fluc tu a tion.

We show that the ob tained fuzzy so lu tion seems
to be more re al is tic and ef fi cient than other so lu tions
ob tained by de ter min is tic stud ies, as given in ref er -
ence [7]. From figs. 3-5, we can de ter mine that our
pro posed ap proach re duces the total cost by 4.93%.

CONCLUSION

Us ing the con cept of mem ber ship func tions, this
pa per pre sented a fuzzy ap proach to the GEP prob lem
in a multi-ob jec tive en vi ron ment. The the ory of fuzzy
sets has been em ployed to for mu late and solve the GEP
prob lem. In our pro posed model, we for mu lated the
prob lem in a fuzzy ver sion by fuzzificating all ob jec tive 
func tions. The nov el ties of our ap proach have mainly to 
do with the use of mem ber ship func tions for each ob jec -
tive func tion. In the pro posed fuzzy ap proach, it is pos -
si ble to make a trade-off be tween the three ob jec tives.
This can, there fore, be use ful for the de ci sion maker. An 
il lus tra tive nu mer i cal test has been given to dem on -
strate the ef fi ciency of the pro posed ap proach. The so -
lu tion ob tained by a fuzzy multi-ob jec tive de ci sion was
al ways ef fi cient and con sti tuted the best com pro mise.
Our pro posed ap proach re duces the to tal cost by 4.93%.
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FAZI  POSTUPAK  PLANIRAWA  RAZVOJA  ENERGETIKE  U
VI[ECIQNIM  OKOLNOSTIMA

U mnogim problemima energetskih sistema pokazalo se da kori{}ewe optimizacionih
tehnika prethodi smawewu tro{kova i gubitaka sistema. Tako se i vi{eciqno fazi odlu~ivawe
koristi za re{avawe problema energetskih sistema. Jedno od najzna~ajnijih pitawa u oblasti
energetskog in`eweringa jeste zadatak planirawa porasta proizvodwe energije. U radu se koristi
koncept funkcije pripadnosti da se defini{e model fazi odlu~ivawa za generisawe optimalnog
re{ewa ovog zadatka. Re{ewa dobijena teorijom fazi odlu~ivawa uvek su uspe{na i najboqe
usagla{ena.

Kqu~ne re~i:  planirawe razvoja energetike, fazi teorija, vi{eciqno odlu~ivawe


