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Abstract: The issue of generation expansion planning (GEP) is more complicated in the restructured and modern
power systems rather than traditional and monopoly systems. In Modern power systems, each Generation Company
(Genco) invests in the section of generation in order to get to his own maximum profit. This paper presents a new
mixed method to solve the GEP problem in Power Pool Market. This method is formed of two levels: local level and
national level. In local level, each of Gencos declares his own generation level to Independent System Operator (1SO)
aiming maximize the profit just with respect to local constraints. In national level, first the competition between
Gencos will be modeled by game theory and Nash-Cournot equilibrium. Then, due to the generation level of each of
Gencos, the system national constraints will be checked. If these constraints would be satisfied, problem-solving
would be completed but if each of these constraints won’t be satisfied, their relevant coefficients will be changed in
problem and this procedure would be repeated again and again until problem was converged to accepted solutions
which satisfy local and national constraints.
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Nomenclature system (restructured environment), Gencos as players
T: Time horizon of planning in power market just want to maximize their own
m: Number of generation technologies profit and they accomplish their generation planning
p(t): Price of power sale in year ty in order to achieve this aim (Kagiannas et al., 2001).
q(j,t): Quantity of that power which is generated by In such an environment, 1ISO has a duty to control
technology j in year t, market in generation, transmission and distribution
Bi: Sum of profit of iy, Genco in generation planning sections. In generation section, I1SO applies the
C(j,t): Cost of power which is generated by system constraints in GEP problem (Murphy and,
technology j in year t, Smeers, 2001).

EM(j): Emission coefficient of technology j and In this paper, in the first stage, ISO takes
EML(t): Allowable emission margin in year ty, into consideration the local constraints of system like
MaxExp(t): Maximum level of expansion in year t emission constraint, fuel constraint and etc for each
Cin/(t): Cost of investment per year Genco. Having applied these constraints, each Genco
MaxCap(t): Maximum rate of investment of each will specify his own generation level in a planning
investor in year tg, horizon. In the second stage, after competing Gencos

in a game and achieving Nash-Cournot equilibrium,

r'. : Down reserve margin
min * ISO checks the national constraints of system like

to.

Max - UP reserve margin LOLE and reserve constraint with respect to the sum
h: Allowable level of LOLE of Genco’s generation in pool market (Torre, et al.,
2003). Finally, the problem would be converged to
1. Introduction some solutions which satisfy local and national
In Generation Expansion Planning (GEP), constraints.
the generation level of each of generation company )
(Genco) in market would be specified in a 2. Material and Methods o
determined time horizon. The Gencos will also ~Inatraditional power system, the aim is to
regulate their own investment plans with respect to minimize the sum of system costs but in a modern
this planning. The establishment of restructuring in power system, the objective function is in the form of
Power Industry has greatly influenced GEP. In a total of profit gained by generation for each of
traditional system, the main objective is to minimize Gencos and this proflt’ must be maximized (Lin et. al.,
the total of generation costs, but in a modern power 2004). The problem’s constrains are different as
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compared with  traditional case, because some
constraints like financial limitation of investment and
the maximum constraint of generation level will also
be applied in problem per year for every Genco, in
order to prevent creating the market power, in
addition to traditional environment’s constraints like
emission constraint, fuel constraint and etc.

1- Objective function
For ith Genco, the objective function will
be written as follows:

T m
o O . .
Max B, =g a [pM®.a(it)- C(.D] @
t=1 j=1
Here, T is the time horizon of planning, m is
the number of generation technologies (thermal,
Gaseous, nuclear, etc.), p(t) is the price of power sale
in year t-th, q(j,t) is the quantity of that power which
is generated by technology j in year t-th and Bi is the
sum of profit of i-th Genco in generation planning.
C(j,t) is the cost of power which is generated by
technology j in year t-th and is expressed by equation

().

. 1 . .
C(j.t) =3a-q2(1,t)+b-q(1,t)+c 2)
Here, a, b and c¢ are cost function

coefficients.

2- Local constraints
I) Emission constraint: this constraint controls the
emission level of various technologies of generation.

T
o] - .
a a(J,1).EM(j) £ EML(t) (3)
j=1

Here, EM(j) is the emission coefficient of
technology j and EML(t) is the allowable emission
margin in year t-th.
I1) The constraint of maximum expansion level will
be specified for each Genco per year by I1SO and it

causes to prevent creating market power and
competition-escaping.

m

o] .

a q;(J,t) £ MaxExp(t) (4)

=
In this equation, MaxExp(t) states the
maximum level of expansion in year t-th.

[11) The financial constraint of investment is related
to each investor.

m
o] .
Cin(-a a;(J,1) £ MaxCap(t) (5)
j=
In this equation, Cin(t) C,, (t) is the cost
of investment per year and MaxCap(t) states the
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maximum rate of investment of each investor in year
t-th.

3- National constraints
I) Reserve constraint: the sum of generation per year
must between up and down reserve margin.

A+r)DM £ A g ) £ A+rL)DE)  ©

i=1
Here, I’ is the down reserve margin and r'_ is
! min max

the up reserve margin.

I) LOLE Constraint: In year t-th, LOLE rate must be
lower than its allowable level.

LOLE (t) < h (day/year ) (7
Here, h is the allowable level of LOLE.

In a GEP problem with n candidate for
expanding generation, generating quantities for each
Genco (qi) should be specified in planning horizon (T
years):
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Game theory is used in order to solve the
problem of GEP in national level and modeling the
competition among Gencos. In this algorithm, the
necessary data like Market Clearing Price (MCP),
fuel limitation, Reserve Margin and the index of
reliability will be declared by ISO to every Genco. In
local level, Each Genco accomplishes its own
generation planning aiming maximize its profit. The
planning results of every Genco will be declared to
ISO which is including the total of new added
capacity by various generation technologies. 1SO
declares those results which are relevant to planning
of every Genco to all other Gencos.

In next stage, in local level, each of Gencos
will solve the GEP problem more accurately with
respect to the latest results of other Genco and they
make their results update and then send results to ISO.
This procedure is like a game to Nash-Cournot
equilibrium (Chaung, et. al., 2001). This game goes
on until none of Gencos Wouldn’t like to change
their own generation level in planning horizon. Since
decision-making of Gencos happens simultaneously
and competition between Gencos is based on quantity,
these conditions state that they have achieved the
Nash-Cournot equilibrium (Cournot, 1897). Then, in
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national level 1SO will check the system national
constraints (Equations 6 & 7) with respect to output
results of Gencos. If these results would satisfy the
national constraints of system, ISO confirms the
results corresponding to planning and the problem-
solving will be completed, otherwise when each of
national constraints wouldn’t be satisfied as well as
disapproval of planning results, the problem should
be resolved applying some changes.

These changes will be applied in problem
using some coefficients a and B which are related to
reserve constraints and LOLE, respectively.

Having used these coefficients, Equations (6
& 7) will be corrected as Equations (8 & 9):

L+)DO £ LA 6 O EQ+1)DO) g

i=1
(L- 6)LOLE(t) £ h (day/ year) 9)
If the sum of existing and added generation

would be higher than up reserve margin, a coefficient
should be gradually decreased in equation (8) and if

the sum of existing and added generation is lower
than down reserve margin, a coefficient should be
gradually increased in equation (8). In equation (9),
in order to achieve the considered level of reliability
in national level changes in B coefficients is used,
Gencos have to gradually decrease the considered
LOLE indices (Kirschen, and Strbac, 2004).

The problem will be resolved for every
Genco by applying these changes (Javadi, et. al.,
2009). If each of national constraints would be
disregarded, Each Genco applies equations (8 & 9)
with new and changed coefficients in their planning
problem. For example, if equation (8) wouldn’t be
satisfied and the sum of generation is lower than
down reserve margin, ISO forces each of Gencos to
increase their generation in order to achieve the
considerable degree while it increased a coefficient
because in normal condition, none of Gencos have no
inclination to change their generation level in
planning horizon while they are achieved their
premium planning and maximum profit.

Local Level
Genco n Genco 2 Genco 1
Optimization with Local Optimization with Local Optimization with Local g
> Constraints and declaration ) === Constraints and declaration Constraints and declaration
results to 1ISO results to 1ISO results to 1ISO
A
Gencoes National Level
update their #
information A
with other « »
Gencoes Game Between Gencoes’
outputs and No Is Reached Game to
repeat Nash-Cournat
Cptivization Equilibrium?

Yes

Gradual
change in

b

LOLE

Is satisfied

Constraint?

Is satisfied
Reserve
Constraint?

Gradual
change in

a

GEP Solution in given Horizon Time of
Planning is completed.

Figurel. Pool Market method flowchart for GEP

This procedure goes on until all national
constraints would be satisfied. In this stage, planning
has Nash-Cournot equilibrium and none of
constraints check would be disregarded. Therefore,
these results will be taken into consideration as final
results of GEP. The flowchart of GEP in a Power
Pool Market is given in Figure.1.
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3. Results

In this paper, 3 Gencos who had various
generation technologies will compete together in
order to expansion the generation in a pool market.
The data related to these technologies are given in
Table 1 (Su et. al., 2000).
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Table 1. The data related to generation technologies

i No. : Max. Expansion
'?ei%ﬁgltg)on of Cg\%f,)lty in Year (no. of
o Units units)

Nuclear 2 650 1
Coal 1 2 400 2
Coal 2 2 200 3
Oil 2 300 3
Comb. Tur.1 2 50 5
Comb. Tur.2 4 25 5

These 3 Gencos have 6 choices for type of
technology of generation unit altogether which
includes nuclear, coal (2 types), oil and combustion.
Turbine (2 types).The number of generation units,
maximum of expansion level for every unit per year
and generating capacity of these units are determined
in this table. Some technical and economical data of
these generating units such as maintenance, fuel and
investment cost and Forced Outage Rates (FOR) are
given in Table 2. The horizon of planning is
considered for 5 years.

Table 2. Technical and economical data of candidate units

Maintenance Fuel Capital
Unit Type Cost Cost Cost FOR
($/MW) ($/KWh) | (8/KW)
nuclear 113.75 241 625.5 | 0.05
Coal 1 516 4.21 635 0.09
Coal 2 450 421 595 0.15
oil 195 11.3 255.75 | 0.36
Comb.Tur.1 235 12.16 152 0.015
comb. 145 125 | 100 | 0.007
Tur.2

It is supposed that information related to 10
years from 1999 to 2008 such as load peak and the
average of electricity sales price are available and the
planning of generation expansion has to be executed
in this time horizon while we used the forecasted
information related to 5 next years from 2009 to 2013.

Table 3. Load peak and average of electricity sales
price in past 10 years

Year | Load(MW) | Average Price($/MW)
1999 17465 9
2000 18821 10
2001 19805 11
2002 21347 12
2003 23026 14
2004 24750 15
2005 27107 15.5
2006 29267 16
2007 32200 18
2008 34200 19
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The amount of load peak and its price in
past 10 years is according to Table 3. With respect to
information of Table 3 using (Auto Regressive
Integrated Moving Average (ARIMA) method
(Abraham and Ledolter, 1986), the level of load peak
and the average of electricity sales price will be
forecasted in next 5 years. The forecasted values are
given in Table 4.

Table 4. Forecasted values of load peak and average
of electricity sales price

Year | Load (MW) | Average Price ($/MW)
2009 36652 19.5

2010 38765 20

2011 41120 21

2012 43242 22

2013 45462 22.5

Three modes are taken into consideration for
load:

- Peak load mode: load is equal to values of table 4.

- Average load mode: load is equal to %90 values
of load peak values.

- Base load mode: load is equal to %80 values of
load peak.

The capacity which is installed in 2008 is
equal to 35000 MW. The rate of LOLE is 5
(days/year) and reserve margin is between 5% -15 %.
The value of initial coefficients is related to reserve
constraint (o) and confidence capability () is 25 MW
and 0.001.

Due to the flowchart of this model in Figure
1, Gencos will compete together in order to maximize
their profit firstly. As it is mentioned before, this
competition is modeled by game theory and since
decision-making of Gencos would be simultaneously
happened, the Nash-Cournot balance point will be
created in this game. The change of total generation
for each Genco and achieving Nash-Cournot
equilibrium in first year of planning is shown in
Figure 2.

Load has no definitive mode and it is mixed
of three peaks, average and base modes and a
coefficient-giving to three modes of load will be
performed in order to achieve the load rate in these
conditions with respect to seasons of year. As we
know electricity consumption is in peak mode in
summer usually and it is in average mode in fall and
spring seasons and it is in base mode in winter, i.e.:
the lowest value.

Therefore, we can consider the consumption
load in a year with an appropriate approximation like
the following:

The year consumption load = peak load of
year = 0.25 + average load of year = 0.5 + base load
" 0.25
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By using represented method in this paper,
the results related to generation expansion plans in a
planning horizon are in the form of Table 5 and
Figure 3.
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Figure 2. The change of total generation for each
Genco and achieving Nash-Cournot equilibrium in
first year of planning

4. Discussions

In represented model in this paper for
solution GEP problem in pool market, new electricity
market concepts such as forecasting, game theory and
etc are combined with GEP problem in modern
system. This combination bring about the
comprehensive and accurate model for solution GEP
problem. In our study, this concept is never used
synthetically. Besides using these concepts in the
represented model, a simple method is used for
convergence the problem answer to the answer that
maximizes the Gencos benefit. In this model, 1SO
leads the solution problem to a direction that the
Genco should oblige to exist from its production
optimized manner a little to satisfy the overall
constraints which are as the security constraints of
network by exertion some coefficients in the
constraints and finally the owverall constraints are
satisfied. In this model GEP problem is simulated in
addition to applying new concepts of electricity
2/9/2011
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market with a simple but useful method and present
an optimal and reasonable answer for the GEP
problem.
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