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ABSTRACT

This paper presents a novel framework for generation expansion planning (GEP) of restructured power
systems under uncertainty in a multi-period horizon, which includes generation investment from a price
maker perspective. The investment problem is modeled as a bi-level optimization problem. The first level
problem includes decisions related to investment in order to maximize total profit in the planning hori-
zon. The second level problem consists of maximizing social welfare where the power market is cleared.
Rival uncertainties on offering and investment are modeled using sets of scenarios. The bi-level optimiza-
tion problem is then converted to a dynamic stochastic MPEC and represented as a mixed integer linear
program (MILP) after linearization. The proposed framework is examined on a typical six-bus power net-
work, MAZANDARAN regional electric company (MREC) transmission network as an area of IRAN inter-
connected power system and IEEE RTS 24-bus network. Simulation results confirm that the proposed

framework can be a useful tool for analyzing the behavior of investments in electricity markets.

© 2015 Elsevier Ltd. All rights reserved.

Introduction

During past decades, power industry has experienced major
changes in structure and regulations of the markets in order to
improve economic efficiency and promote sustainable develop-
ment [1]. Regarding the expansion planning and the operation
decisions by companies, the issue of profitability has attracted
more attentions in the short-term and long-term planning [2].
Since one of the main drivers of generation capacity expansion is
the expected electricity price in the future, appropriate market-
clearing models should be used to determine the price of electricity
in the short and medium term. On the other hand, one of the major
challenges of market operators in electricity markets is maintain-
ing the adequacy of generation capacity [3]. To this end, regulators
should make appropriate policies to encourage producers to invest
new generation capacities [4].

It is very important to apply appropriate model for the gen-
eration expansion and study the impact of different markets on
the investment. Accordingly, researchers have been providing
models and programming methods to treat the investment prob-
lem. A bi-level model for generation expansion (Cournot modeling)
is presented in [5]. The impact of transmission congestion and
competition in generation investment is reviewed by the Cournot
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model in [6]. The presented GEP models in [5,6] are static without
considering uncertainties. In [7], a probabilistic dynamic program-
ming model has been proposed to solve the investment problem in
the presence of demand uncertainty. Strategic producer behavior
has been investigated in [8] using a bi-level model considering
uncertainties related to demand and rival offers. A static model is
proposed in [9] to solve the generation investment problem from
a strategic producer point of view. The static model of [9] has been
extended in [10] to consider demands uncertainties, behavior of
rival producers and their offers at a specified time horizon. Also,
Bender’s decomposition has been used to solve the investment
problem. A hybrid DP/GAME framework is proposed in [11] to deal
with GEP problem in which DP was applied to solve the investment
problem and Cournot game was used to model strategic behavior
of the producers in the spot markets. In [12], the expansion plan-
ning has been solved for a set of non-strategic producers in the lib-
eralized electricity market. The market clearing problem is
modeled using conjecture price approach in the lower level prob-
lem. An open-loop model is used in [13] as an approximation of
closed-loop model for reducing computational time where the
problem is modeled as an EPEC without considering uncertainties.
In [14,15], a bi-level model was proposed to characterize gen-
eration investment equilibria in a single horizon pool-based elec-
tricity market neglecting uncertainties where the producers
behave strategically. Also, strategic offers of producers were con-
sidered through stepwise supply function.


http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijepes.2015.02.002&domain=pdf
http://dx.doi.org/10.1016/j.ijepes.2015.02.002
mailto:Barforoshi@nit.ac.ir
http://dx.doi.org/10.1016/j.ijepes.2015.02.002
http://www.sciencedirect.com/science/journal/01420615
http://www.elsevier.com/locate/ijepes

J. Valinejad, T. Barforoushi/Electrical Power and Energy Systems 70 (2015) 108-117 109

This paper provides a multi period framework to study the gen-
eration expansion of a strategic producer under uncertainties in
electricity markets. The investment problem is modeled as a bi-
level optimization problem. The upper level includes decisions tak-
en by a strategic producer who investigates installments of new
generating units in a given time period and the future possible pro-
ductions, to maximize the total profit in the planning horizon. The
lower level problem models the responses provided by a com-
petitive fringe in terms of production bids, which are sorted by a
market operator, who clears the market obtaining Locational Mar-
ginal Prices (LMPs) as dual variables of the nodal balancing con-
straints and the objective of maximizing social welfare. Rival
uncertainties on offering and investment are modeled using sets
of scenarios. The considered bi-level optimization problem is then
converted into a single level optimization problem. The single level
optimization problem is considered as a Mathematical Program
with Equilibrium Constraints (MPEC) [21]. Then, the single level
problem is linearized and converted to an MILP. The proposed
framework uses dynamic stochastic MPEC. To the best of our
knowledge, dynamic nature of investment decisions have not been
considered in the MPEC models presented in the literatures to
solve GEP problems in a dominant producer point of view. Thus,
the multi period stochastic MPEC model is the main contribution
of this paper, which also considers transmission network con-
straints. The presented model can also be treated as a mixture of
operation and expansion problems of power systems. The supply
function model is also used as offer strategies of the producers in
the spot market, which is a more realistic model of spot market
than the other models. It should be noted that the supply function
model is a more detailed description of the actual electricity mar-
ket compared to Cournot, Bertrand and conjecture variations mod-
els. Moreover, the considered multi period bi-level problem is
formulated as an MPEC problem.

The paper is organized as follows. In Section ‘The proposed
framework’, the proposed framework and the bi-level model is
introduced. The mathematical formulation of the problem is pre-
sented in Section ‘Mathematical formulation’. Section ‘Case studies’
provides simulation results and analysis for three case studies.
Finally, Section ‘Conclusion’ provides some relevant conclusions.

The proposed framework

The proposed framework is generally depicted in Fig. 1. The
main block of the proposed framework represents the bi-level

Upper level problem

(Investor's profit maximization)
v" Rival investment uncertainty
v Dynamic Constraint

|

Investment decisions I /}

offers to market
Nodal price

Nz

Lower level problem
(Market-clearing - social welfare Maximization)

Balance between supply and demand
DC load flow
Transmission constraints

Constraints of generation units J

Fig. 1. Schematic of the proposed framework.

model. The upper level represents the investment problem of a
dominant producer who is seeking to maximize the present value
of the total profit of investment. In the upper level, investment
decisions of rival producers are modeled using set of scenarios.
Investment decisions of producers and their offers to the spot mar-
ket are outputs of the upper level problem. Due to dynamic nature
of the planning problem, dynamic constraints exist in the upper-
level. The lower-level problem represents the market-clearing.
The clearing of the market for any given operating condition is rep-
resented as an optimization problem that identifies the operating
decisions through maximizing social welfare. The market clearing
problem is constrained by DC power flow equations and limita-
tions of transmission network and units’ capacity. Output of the
lower level problem is nodal prices (dual variables associated to
the power balance constraints), which are fed back to the upper
level.

Mathematical formulation

Mathematical formulation of the proposed framework is pre-
sented in the following sub-sections. In order to introduce the
model, we define the following sets, parameters and decision
variables.

Indices

d: index for demand,

h: index for size of investment option,

i/k: index for new/existing generation unit of strategic
producer,

j: index for generation unit belonging to other producers,

n/m: index for bus,

t: index for demand blocks,

y: index for year,

w: index for scenario.

Parameters

Bnm: Susceptance of line n-m (p.u.).

COyw: Price offer of units j of other producers in demand block t
and scenario w (€/MW h).

C; /CE: Marginal cost of new/existing unit of strategic producer
(E/MW h).

f: Discount rate.

FX: Transmission capacity of line n-m (MW).

K™ Available investment budget (M€).

K,i: Annual investment cost of new generating unit (€/MW).
P}Q’“a": Capacity of generation unit j of other producer (MW).

PES™max: Capacity of existing generation unit k of strategic pro-

ducer (MW).

Pf}}‘“: Maximum load of demand d in block t and year y (MW).

UyDtd: Price bid of demand k in demand block ¢ and year y
(€/MW h).

Xyin: Option h for investment capacity of new unit i (MW).

oy:: Weight of demand block t in year y.

o,,: Weight of scenario w.

Decision variables

Pﬁfkw /Pjt,-wz Power produced by existing/new unit k/i of strategic

producer in year y, demand block t and scenario w (MW).

P}‘,)[jwz Power produced by unit j of other producers in year y,

demand block t and scenario w (MW).
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PyDtdW: Power consumed by demand d, in year y, demand block t
and scenario w (MW).

uyin: Binary variable that is equal to 1 if the hth investment
option of technology i is selected in year y, otherwise it is equal
to 0.

Xyi: Capacity investment of new unit i of the strategic producer
in year y (MW).

oS/ %y Price offer by existing/new unit k/i of the strategic
producer in year y, demand block t and scenario w (€/MW h).
Oymw: Voltage angle of bus n, in year y, demand block ¢ and sce-

nario w.

The bi-level model

The multi period stochastic investment problem is formulated
using the following bi-level model, which comprises an upper level
problem (i.e. (1)-(4)) and a collection of lower level problems (i.e.
(5)-(13)). The objective function (1) is the present value of the
minus expected profit (investment cost minus expected revenue)
of strategic producer in the planning horizon, which comprises
two terms of investment cost and expected profit obtained by sell-
ing energy in the spot market. Note that i € ¥,/k € ¥, identifies
the new/existing generating units i/k located at bus n. Constraint
(2) states that investment options are only available in discrete
blocks. This equation imposes that only one technology is binding
and determines the new technology to be installed at each bus of
the system. It should be noted that based on constraint (2) the pro-
ducer can either open exactly one new plant each year, or choose
one option for installing. Dynamic constraints on the investment
decision variables and investment budget limit are represented
in constraints (3) and (4), respectively. The market clearing prob-
lems are represented by the minus social welfare (5) and con-
straints (6)-(13). Constraints (6) represent the energy balance at
each bus, being the associated dual variables LMPs or nodal prices.
Constraints (7)-(9) impose power bounds for generation con-
straints blocks and constraints (10) represent demand limits. Con-
straints (11) define the power flow through transmission lines
using a lossless DC model. Constraints (12) and (13) enforce angle
bounds and fix the voltage angle at the reference bus, respectively.
Note that m € @, identifies the buses m is connected to bus n. Dual
variables are indicated at the relevant constraints following a
colon.

1 y 1 y
Minimize (—) KyiXyi— > @, <—>
() S S
( 5 P;mzymwzp;ﬁwcf)+
i 7

i,[niey,]

> oy (1)
t
S Py — D P CE

k. [n:keyy,) k
Subject to:
Xyi =Y tyinXyin > Uyin =1, Uyin € {0,1}, Vi, Vy (2)
h h
0 < Xyi <Xgyinji: Vy, Vi (3)
1 ) y max
— KiXyi <k 4)
> 2
)'yf"W7 P)S/tiw7 Pﬁtkw € arg min {Z O‘}S'tiijslriw + Z "Xﬁfkwpifkw
+ 3 0Py — > URKP) 4, (5)

Subject to:

> Pytawt D BunSo(Oyme = Oyemw) = > Phii =D Pyt

dey, me®, iy, keyy,

= Py =0:lymy, Vn (6)

Jj€n

0 <Py < Xyi: Hyi' s Kyt Vi (7)
0 < Py, <P pgin g™, Vk (8)
0 <Py, <PY™: pfmin, uomex, vj 9)
0 <P <Pl s 0Vl (10)
— F7 < BE Sy (Oyenw — Oyemw) < Fppe : Vi Vi . n, Vm € &y (11)
— 7L< Oy ST E, Emo P (12)
eymwzozg;m,nzl}w, vy, Yw. (13)

MPEC

The bi-level problem (1)-(13) can be converted to a single level
problem (MPEC) by enforcing KKT conditions to the lower level
problems [16,17]. These are represented by (14)-(36).

1H-4) (14)
— Uy + Ayns deyyw + HOIX — pbmin — 0 vy, vt, vd, Yw (15)
Oy — Aytnsicynw + My — J i =0 Vy, Vt, Vi, Yw (16)
Oyt — Ayt + g — oo =0 Y, VE, k. Yw 17)
COgiw — Zyt(njep,yw + #ﬁijax - N;?zjr\:l/in =0 Vy, Vt, Vj, v'w (18)
S B e — ) 3 B SV, ~ Vi)

meg, medy

+ 3 B S5Vt = Vi) + Syt — Syt
med,

+ (&) =0 W, VE, ¥, vw 19)
(6)-(13) (20)
0< Py, LI5RN >0 Vy, Vt, Vi, Yw (21)
0 <P, Lpomn >0 'y, Vt, Yk, vw (22)
0 <PYy, LpuSmin >0 Wy, Vt, Vj, Yw (23)
0<Phy, Lubmin >0 vy, vt, vd, Yw (24)
0< (Xyi—Poy,) LLEM* >0 Yy, Ve, Vi, Yw (25)
0< (PP™ —Plioy) L [ =0 iy, Ve, Vk, Yw (26)
0 < (PO™* —POy,) L UM >0 Vy, Vt, Vj, Yw (27)
0 < (Pog™ — Phy,) L pomax >0 Wy, Vt, vd, Yw (28)
0 < [Fe 4 BLr1 Sy (Oyemw — Oyemw)] L Vi >0 Wy, V8, W0, Yme &y, YW (29)
0 < [Fin* — Brd Sy (Oyenw — Oyemw)] L Vi >0 VY, VE, V0, Vme &, ¥w  (30)
0 < (70— Oyenw) L &gy, >0 VY, VE, Vi, Yw (31)
0 < (7 + Oyenw) L &y, >0 Wy, VE, ¥, Yw (32)
Linearization

The MPEC problem of (14)-(36) is a nonlinear problem because
of existing 37, yicy. Poiw/vin + Yk jmkey, Pyc/yn i the objective func-
tion and (21)-(32). Each of the non-linear relationship is linearized
according to their nature as follows:

1. Egs. (21)-(32) are linearized by (33), (34) [18], where M is a
large enough constant.

0<alb>0 (33)
a>0,b>0,a<tM,b<(1-7M, 71€{0,1} (34)

For instance, (25) is linearized based on duality gap and usage of
the complementarity conditions. Each of the non-linear relation-

ship is linearized by replacing (X,; — me-w) and 52 instead of a
and b in (34).
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(ij - P;tiw) 2 0 l’l’_fl i 2 0 ( i~ P;tiw) < TMv
uytma" <(1-7)M, t€{0,1}
2.To find a linear expression for 37 ey Py iymwt

> ke, Pyt yinws the strong duality theorem and some of the
KKT equalities are used. According to the strong duality
theorem, if a problem is convex, the objective functions of the
primal and dual problems have the same value at the optimum.
Thus after applying the strong duality theorem to each lower-
level problem 5) (1 )

Z ytiw ytlw + Z ytkw y[lcw + Z Coka ytiw Z U tdw

quﬁtg‘j"X +Z iy P ™ = Z Yt Yy, Yw (35)
where
2= S S 3 Vi
n(meQy)
+ > ViewFmm + “;':;mé;;za (36)
n(meQy)

From (25) and (26):

Z@;;;Xx Zﬂi‘“‘”l’inw (37)
Zﬂffkmaxpis e Zﬂﬁfk\l/?axpifkw (38)
k

Substituting (37) and (38) in (35) renders

Z ynw ynw + ‘uit{r%ax Z p }E/fxm JLjfkw + Mﬁfkvr?aX)
==Y CounPy, + > UnkPpy, —Z (39)
On the other hand, from (16) and (17)

1 _ S max S min

— Ayt(n:iernyw = %, ytiw + :uynw - :uynw (40)
1 ES max ES min

— Ayt(n:ke¥nyw = ytkw + Mydew™ — Hygiw (41)

Thus:
Z P;nw}ytnw - Za‘ynw ytiw + Z:u}s/ maxPSan Zﬂinrwnpinw (42)

i[nie gy
ES max pES min pES
Z tkw ymw - Zaytkw ytkw + Z:uytk Pytkw Mytk Pytkw (43)

k.[n:ke¥n]

Additionally, from (21) and (22)
Z/’titmmpjnw =0, Zuﬁfkwmpitskw = (44)
i
Using (44) to simplify (44) and (43) renders

Z ytiw ytnw + Z ytkw ymw
i[niey,] k.[n:key,)
S max ES ES ES max
Z ytzw ynw + :uynw Z Pytkw ytkw + :uytkw ) (45)

Finally, considering (39) and (45)

Z ynw}ymW + Z ytkw;ymW

i,[niieyy) ke,
D pD
= =2 P+ 2 UnaPrean ~2 (46)
i

Case studies

In this section, proposed framework is examined through three
case studies. The first case study is a two area power system com-
prising six buses. The second case is the MAZANDARAN regional
electric company (MREC) transmission network as a part IRAN

interconnected power system. Results obtained from simulations
on the IEEE 24-bus Reliability Test System [21] are discussed in the
third case study.

Case study1: six-buses system

The considered network of the first case study is depicted in
Fig. 2, which is composed of two areas (north and south) intercon-
nected by two tie-lines. Required data associated to unit character-
istics and demands of this network can be found in [9]. It is
assumed that the capacities of the tie-lines are limited to
450 MVA. The planning horizon is assumed to be five years. Annual
demand growth and annual discount rate are assumed to be 10%
and 8.7%, respectively. Available investment budget is assumed
150 million euros over the planning period. Regarding to the
investment by the rival producers, it is assumed that they choose
peak technology and also construct their new units at bus 4. For
the sake of simplicity, four scenarios are considered for investing
the other producers over the planning period. These scenarios are
indicated as follows.

Scenario 1: No investment over the planning period with the
probability of 10%.

Scenario 2: Investing on 400 MW on the bus 4, only in the sec-
ond year of the planning period, with the probability of 50%.
Scenario 3: Investing on 400 MW on the bus 4, only in the third
year of the planning period, with the probability of 25%.
Scenario 4: Investing on 400 MW on the bus 4, only in the
fourth year of the planning period, with the probability of 15%.

The proposed model is solved using Solver CPELX [19] software
GAMS [20]. In order to validate the simulation results of the model,
the static model presented in [9] was implemented at first. Accord-
ing to the results of simulations of [9], the total profit and the total
constructed capacity over the planning period have been obtained
32.2 M€ and 700 MW, respectively. After validation of simulation
results in the static approach, the model was extended based on
the proposed dynamic approach. Results of the dynamic MPEC
are given in Table 1. The first row of Table 1 is related to the plan-
ning year. The second row illustrates the total installed capacity
and the base technology in the parenthesis. For instance, the total
and the base installed technologies in the first year are 250 MW

ES1 (o]
N1
North
N3 N2
D1 O3 ES3 ES2 02
D4 EsS4 D2
t 1§
N6 | N4
South
N5
D3 o4

Fig. 2. Six-bus test network [9].
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Table 1
Generation capacity expansion results.
Year 1 2 3 4 5
Invested capacity MW (peak, (250,0) (500, (0,0) (0,0) (200,0)
base) 500)
Demand peak (MW) 1598 1997 2210 2423 2663
Average price (€/MW h) 23.16 19.51 2136 2193 2230
Energy consumption 7.3 8.2 9.14 10.04 11.03
(MMW h)
Net surplus of consumers 11.21 27.86 20.9 17.48 14.78
(Me)
Net profit of investor (Me€) 22.84 10.39 17.75 20.69 2495
Social welfare (M€) 82.75 111.8 110.6 1079 1079
Net surplus of strategic 26.29 45.31 49.87 50.24 54.12
producer (M€)
Net surplus of other 4524 38.64 39.83 40.16 38.98

producers (Mg€)

and 0 MW, respectively. That is, investment in the peak technology
is 250 MW. The third and fourth rows show the energy consump-
tions and peak demand during the planning period, respectively.
The average market prices, the net profit of the strategic producer,
the net surplus of the rival producers and of consumers, are shown
in rows 2 to 7 of Table 1.

(1) The average market price in the second year decreases
15.76% compared to the first year due to construction of
500 MW base technologies by the strategic producer. Thus,
profit of the investor in the second year is equal 10.39 M€
which is the lowest level over the planning period. Also, in
the second year, the net surplus of consumers and the social
welfare have been obtained 27.86 M€ and 111.8 Mg, respec-
tively; that are the highest levels over the planning period.
In the third year, the average market price increases 9.48%
compared to the second year. This is consistent with increas-
ing of the demand equal 10.67% with respect to the second
year. In the fourth year, a 400 MW unit is built by the rival
producers with related probabilities. Also, the market price
has been increased by 2.67% with respect to the third year
due to increasing of the demand equal to 9.64% with respect
to the third year. Furthermore, the average market price has
been increased 1.69% in the fifth year with respect to the
fourth year.

(2) Major of capacity constructions are peak technologies
because of their lower investment costs than that of the base
technologies. Results regarding to the capacity additions
show that during the planning period, investment in peak
units leads to increase in the market price due to the high
cost of their operation. However, investment in base units
reduces the market price. Moreover, the energy consump-
tions and the net surplus of the consumers have been
increased. Also, net surplus of the producers has been
increased. As Table 1 shows, in the second year, the con-
sumer surplus has been increased by 148.5% with respect
to the first year of the planning period. Therefore, invest-
ment in the base unit is more beneficial to consumers in
the short term. However, it is profitable for producers in
the long term.

(3) Fig. 3 shows the effect of the rival producer investment on
the market prices. It can be seen that although non-strategic
producers are considered as price takers in the short term,
they can influence market price in the long term through
their investment decisions. In this respect, because of
investing in the second year by the rival producers, the mar-
ket price has been decreased in the rest of the planning
period.

375} j j j j scenario 1
----- scenario 2
§ 37t ==+scenario 3
s == scenario 4
@ 365
8
= 36
O
Q
3557}
1 1 1 1
1 2 3 4 5
Year

Fig. 3. Impact of investment of other producers on the average price.

[——_Jtotal Investment(MW)
G Technology Investment(MW)
-Poak Technology Investment(MW)

Second Year

Investment (MW)
g

First Yoar
Third year

Fig. 4. Strategic producer investments in each bus.

(4) Fig. 4 shows the capacity additions in the north and southern
regions over the planning period. Due to the demand in the
first year, only a 250 MW unit is constructed at bus 5. Due to
increasing the demand in the first year, construction of a
500 MW (base technology) at bus 5 is profitable. In the third
year, due to the investment of 750 MW in the southern
region in the first and second years, construction of a new
200 MW of peak technology at bus 3 has been justified. Fur-
thermore, it was observed in the simulations that market
price in the southern region was higher than the north
region, because of the high demand in this region. Thus,
more generation capacities have been added in the southern
region. Also, the less the marginal cost of the generating
units, the more production of units has been observed. This
is the case for the new units, since their marginal costs are
less than the existing technologies.

(5) The total capacity constructed in the dynamic approach and
the total profit of the investor over the planning period have
been calculated 950 MW and 96.62 M€, respectively. It can
be seen that the total investment and the total profit of
investor have been increased in the dynamic approach with
respect to the static one. Moreover, using of the dynamic
versus static approach in the planning of generation capacity
leads to accurate and realistic results in the expansion plan-
ning. Also, it was observed in the simulation that the budget
limitation has postponed the investment.

Case study 2: MREC Network

Single-line diagram of MREC transmission network is shown in
Fig. 5. Annual growth of demands is assumed 6.2%. Annual dis-
count rate is assumed to be 8.7%. The planning horizon is assumed
to be five years, while each year is specified with three different
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Fig. 5. Single-line diagram of MREC transmission network.
demand blocks; namely peak, shoulder and off-peak. The consid- Table 3
ered weighing factors associated to each demand blocks (peak,  Susceptance of 400/230 KV transformers.
shoulder and off-peak) are assumed to be 20%, 50% and 30%, 400/230 KV substation Susceptance (p.u.)
respectively. The price bids of the demands are 35.75, 28.721, Narivaran2-narivarand 20
and 27.357 (€/MW h) for peak, shoulder and off-peak blocks, Neka2-nekad 33
respectively. In each year of the planning period, weighting factor Hasankif2-hasankif4 16.67
of the off-peak and shoulder blocks are considered to be 25% and Aliabad2-aliabad4 20
60% of the associated forecasted peak demand. For the sake of sim-
plicity, each demand considers one bid per block. The candidate
buses for construction of the new units are assumed to be AMOL, T?blfi 4 s .
KORDKOY, GORGAN, DARYASAR and MINODASHT, which are ~ Simulation results for MREC network.
230 kV voltages. It is assumed that the strategic producer has total Year 1 2 3 4 5
2195 MW as existing units which are connected to busses NEKA4 Inelastic demands
and NEKA2, as indicated in Fig. 5. Moreover, there is one non Invested capacity (peak, (1550,0) (0,0 (0,0) (0,500) 200,0
-strategic producer which has totally 960 MW installed capacity base) MW
as existing units. The operation costs of the existing units are pre- iiit;;”;inc‘l ((Z;\l\//["‘)/v by Z]ﬁag 5383353 2263158 3553148 3‘2154386
sented in Table 2. Types and data for investment options are simi- astic demand ’ ’ ' ’ '
. . . Elastic demands
lar to six-bus case .study. Here, iny one generation blgck is Invested capacity (peak, (8000)  (0,0) 00)  (00) (00)
assumed for new units. The operating costs of the new units are base) MW
assumed equal to the cost of the first block of units which belong Peak demand (MW) 2714 2793 3061 3171 3282
to the six-bus network. Scenarios of investment decisions of the Average price (€/MW h) 25.49 27.09 2330 27.098 27.104
rival producer are also assumed to be the same as six-bus case. ;Oct“"l W'ilfaref('l’“%i ) }?3.21 }?3;5 ;2‘%1 ;g‘;g ;;99?
P . . et surplus of strategic R .. . - .
Susceptance of the transmission lines in the base of 100 MVA, prodzcer (M€) 8
the available transmission capacity in MW and capacity of existing Net surplus of non- 4024 6043 457 791 72.77
generation units are shown in Fig. 5. Also, susceptances of existing strategic producer (M€)
transformers are given in Table 3. Two cases, namely elastic and Net surplus of consumers  36.6 1404 6126 134  13.09

inelastic demand are simulated and analyzed. The price cap is
assumed to be 25 (€/MW h) in the case of inelastic demand. Results
of the simulations are illustrated in Table 4.

(1) In the case of inelastic demands, an unexpected increase will
be observed in market prices, which may be unrealistic. In
such situations, the price is capped in the wholesale market.

Table 2
Data of existing generating units.

Unit capacity (MW) Location Cf/CfS (¢/MW h)
440 NEKA4 11.46

1375 NEKA2 19.20

160 NEKA2 12.32

960 ALIABAD2 18.60

Units for Investment by other rival investors

400 DARYASAR 14.72

(M€)

Furthermore, minimization of the total payment to produc-
ers is as the objective in the lower level problem. Table 4
shows the results by assuming price cap equal to 25
(€/MW h). It can be seen that the price cap may affect will-
ingness to investment behavior, the net profit and surplus
of demands. Moreover, it was observed in the simulation
that market prices are not the same in different buses due
to transmission constraints.

(2) In the case of elastic demands and in the first year, the aver-
age market price has been obtained equal 25.49 €/ MW h
because of investing on 800 MW by the strategic producer.
In the second year, the average market price has been
increased by 6.28%. In the third year, the average price has
been decreased by 13.99% with respect to the second year
because of investing by the rival producer. In this situation,
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it has been observed in the simulations that the total pro-
duction of the rival units has been increased by 74.78%. Also,
the production of the new units of the strategic producer has
been increased by 38.0%. The social welfare and the net con-
sumer surplus have been increased by 5.32%, and 336.64%,
respectively, with respect to the second year. However, the
net surplus of the producers has been decreased by 20%,
due to decreasing in the average price. In the fourth and fifth
years, a 400 MW unit is constructed at bus DARYASAR by the
rival producer. In the fourth year, the market is facing with
an increase of 16.27% in the average price compared to the
third year. This is due to the demand growth 3.6%, and a
decreasing the outputs of strategic producer’s existing unit
by 27.82%. In the fifth year, the average market price increas-
es by 0.01% with respect to the fourth year. As a result, the
net surplus of the consumers has been decreased in the
fourth and fifth years, since the biddings of the demands
have been assumed constant over the planning period. Fur-
thermore, the average market prices in the fourth and fifth
years are 27.098 €/ MW h and 27.104 €/MW h, respectively;
which are close to the biddings of demands. It can be seen
that the market price is influenced by the growth of the
demand, investment of the producers. The average price in
the absence of elasticity of demands is less than the average
price in the presence of elasticity, because of the selected
price cap in the simulations. Increasing the price cap leads
to spike in the market price.

70
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Fig. 6. Market clearing in peak, shoulder and off-peak periods (inelastic demand).
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Fig. 6a-c show the market clearing for the peak, shoulder
and off-peak periods in the case of inelastic demand and in
the first year of the planning period. Fig. 6a and b show that
the market was cleared in the price cap in the peak and
shoulder periods. However, in the off-peak period the mar-
ket was cleared in the offer of the rival producer (Fig. 6¢).
On the other hand, Fig. 7a-c shows the market clearing in
the peak, shoulder and off-peak periods in the case of elastic
demand for the first year of the planning period. The market
was cleared based on offers of the strategic producer in the
peak and shoulder periods. However, in the off-peak period,
the market was cleared in the offer of the rival producer.
Therefore, the strategic producer can benefit through clear-
ing the market price in the peak and shoulder periods in
the spot market. However, in the off-peak duration the
strategic producer does not benefit through the market
clearing, since the market is cleared based on offers of the
other producer. Table 5 shows variations of reliability
indices of the generation capacity over the planning period,
and in the case of elastic demand.

In the off-peak period, the average market prices in all buses
are equal with each other due to no deviations in transmis-
sion constraints. In the first year and off-peak period, units
having less operation costs supply electricity. Also, the offer
of the strategic producer is obtained equal to the operating
costs of the rival units (i.e. 18.6 €/ MW h). In other years,
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Fig. 7. Market clearing in peak, shoulder and off-peak periods (elastic demand).
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Table 5
Reliability indices of MREC network (elastic demand).
Year LOLE (d/y) LOEE (MMW h)
First 3.71 0.0244
Second 3.77 0.0320
Third 4.02 0.0579
Fourth 43 0.0697
Fifth 4.44 0.0818

due to investing on the peak unit comprising operating cost
equal to 14.72 €¢/MW h by the rival producer, offers of the
strategic producer have been decreased. Therefore, the mar-
ket price is affected by non-strategic producers in the off-
peak periods. Fig. 8 shows capacities constructed by the
strategic producer in the cases of elastic and inelastic
demands. Also, more capacities have been constructed in
bus AMOL due to lack of capacity in this area of the network.

Case study 3: IEEE 24-bus reliability test system

This section presents results for a case study based on the IEEE
24-bus reliability test system depicted in Fig. 9 [21]. The data
defining the demands and generating units are provided in [22].
Annual demand growth and annual discount rate are assumed to
be 10% and 8.7%, respectively. Data regarding to the operation costs
of generating units are provided in [23]. The system comprises 17
demands, 32 generating unit, and 38 transmission lines with bus
13 being the reference. Buses 3, 9 and 16 are considered as candi-
date sites for construction of new units. Also, units 23, 30, 31 and
32 are considered as non-strategic producers. It is assumed that
other investors construct their new units at bus 10. Scenarios relat-
ed to investment strategies of the rival producers, the demand
growth, discount rate, budget constraint and other information
are assumed the same as the six-bus case study. Table 6 shows
the results of simulations.

(1) The total investment of the strategic producer in the plan-
ning period is equal to 1150 MW on the peak technologies.
The average market price and its standard deviation in the
planning period are 28.89 €/MW h and 0.28 €/MW h, respec-
tively. It can be seen that the market price has experienced
small variations over the planning period, because only the
same technology (i.e. peak) has been invested over the plan-
ning horizon. Fig. 10 shows the operation factor of the units
of strategic and non-strategic producers over the planning
period. As Fig. 10 shows, the operation factors have slight
variations in different years. This is consistent with slight
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— — —PEAK-ELASIC
1000 ; —&— BASE-INELASTIC |
—&— PEAK-INELASTIC
800 |- ————— .
I
2 600 | ! i
2 I
2 &
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] & & @ ol &

AMOL KORDKOY GORGAN MINODASHT  DARYASAR

Fig. 8. Results of investment in MREC network.

variations of annual market prices. The total profit of the
strategic producer and its standard deviation over the plan-
ning period are 1789 M€ and 19.99 M€, respectively. Also,
the social wafer and its standard deviation are 2938 M€
and 10.09 Mg, respectively. Moreover, variations of the net
surplus of strategic producer and social welfare are not
much due to small price variations. Simulation results show
that in the first year and in the off-peak period, the operation
factor of the new units at buses 3, 9 and 16 have been
obtained equal to 41.67%, 31.78% and 34.59%, respectively.
Furthermore, both the operation factor of plants and their
location can affect the investment behavior.

(2) Fig. 11 shows the sensitivity of the average market price in
terms of admissible loading coefficient of transmission (i.e.
Fmax). Note that, increasing the Fmax in Fig. 11 corresponds
to increasing the transmission capacity or decreasing trans-
mission limitations. The average market price increases by
0.028% by decreasing in the transmission limitations from
of 0.5 to 0.75. In the simulations, it was observed that out-
puts of the non-strategic units have been decreased by
6.4% by increasing Fmax from 0.5 to 0.75. Also, output of
the strategic producer has been increased by 7.97%. In this
situation, market prices have been decreased at buses where
there are no non-strategic units. However, the market prices
have been increased at buses including non-strategic units,
(in the case of Fmax =0.75) with respect to the case which
Fmax equal to 0.5. In this respect, the average market price
at bus 10 consisting of a non-strategic new unit (400 MW)
has been increased by 1.69%. Also, the average market price
at bus 18 consisting of a non-strategic unit (800 MW) has
been increased by 0.22%. Again, the average market price
at bus 23 consisting of the total capacity equal 1320 MW
of non-strategic producers has been increased by 29.66%.
At the interval between 0.75 and 1.5 for Fmax, the market
price decreases and so the demand increases. As a result,
the net surplus of consumers has been increased.

When Fmax is equal 1.5, the following observations should be
mentioned: During off-peak period of the third year and in the
third scenario, the market price was obtained 14.72 €/MW h which
is equal to marginal cost of the new unit of non-strategic producer.
It can be seen that the market price has been decreased by 40.86%
with respect to the cases that Fmax is assumed 1.25 and 1.75. Note
that, in the third scenario it was assumed that a new unit is con-
structed by non-strategic producers in the third year. In addition,
the offer of the strategic producer is equal to 14.72 €/ MW h. It
should be noted that, output of the strategic producer has been
increased by 11.17% and 11.86%, respectively; with respect to the
cases which Fmax is assumed 1.25 and 1.75. In this situation, out-
puts of the non-strategic producers have been decreased by 20%.
For Fmax greater than 1.75, both the market prices and the
demand are constant. Thus, the net surpluses of consumers do
not change for this interval.

Moreover, it was observed in the simulations that the market
price decreases when the demand in a few locations are supplied
only by non-strategic producers during off-peak periods. In this
situation, the net surpluses of these producers were decreased sig-
nificantly. However, the market price was increased when the
strategic producer participates in the off-peak period. Thus, it is
beneficial for both the strategic and the non-strategic producers
to have productions in the off-peak periods. It can be concluded
that the average market price is influenced by the growth of
demand, investment behavior of producers, types of producers
(strategic or non-strategic) and also their offers, the transmission
constraints, network topology, demand utility, and the technology
of units.
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(3) Fig. 12 shows variations of the market indicators and the o8 1 12 14 16 18 2 22 24 26
strategic producer’s investment in terms of admissible load- Admissible loading coefficient of transmission (Fmax)

ing coefficient of transmission. Generally, investment in new
units increases by increasing Fmax. However, in some cases
the constructed capacity by the strategic producer has been

Fig. 12. Market indicators in terms of transmission limitations.

slightly decreased when Fmax is increased. This is the case and net profit of the strategic producer, whereas decreases
when Fmax increases from 1 to 1.25. Simulation results the net surplus of the non-strategic producers. Commonly,
show that the production of the strategic producer increases social welfare increases when the transmission constraints
by reducing the transmission constraints. However, produc- are decreased. Thus, reducing the transmission constraints
tion of non-strategic producers decreases. Therefore, reduc- improves economic indicators and profit of strategic produc-

tion in the transmission constraints increases the net surplus er. Table 7 shows computation time for three case studies.
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Table 7

Computation time for case studies.
Network CPU time (S) GAP%
6 Bus network 71.138 0.00
MREC network (Elastic) 4368.0 16.98
Inelastic MREC network 643.54 1.66
IEEE RTS 24 BUS network 84.012 0.00

Conclusion

A novel multi-period framework has been presented to study
GEP in restructured power systems under uncertainty. The frame-
work includes generation investment from the perspective of the
price maker company in a multi-period horizon. Three case studies
have been considered and analyzed. The features of the proposed
model and simulations results lead to following conclusions:

(1) Total constructed capacity in the dynamic approach and the
total profit of the investor over the planning period have
been calculated 950 MW and 96.62 M€, respectively. Total
investment and total profit of the investor have been
increased in the dynamic approach with respect to the static
one. Therefore, using dynamic instead of static approach in
GEP leads to accurate and realistic results.

(2) More peak technologies in energy only markets have been
invested in comparison with base technologies. Small varia-
tions have been experienced in the market prices over the
planning period when only peak technologies have been
constructed. The price cap has affected investment willing-
ness, the net profit and surplus of demands in case of inelas-
tic demand. Also, the average market price has been
influenced by the type of generation technologies, network
topologies and producers.

(3) Investment on the peak technologies increases the market
price because of their operation cost. On the other hand,
investment on the base technologies reduces the market
price, and increases social welfare. It is also more beneficial
to consumers in the short term and makes producers better
off in the long term.

(4) Non-strategic producers do not manipulate market prices in
the short term. In the long term, however, these producers
may affect the market-clearing price because of investment
decisions. Also, share of units’ production affects selecting
investment options. Therefore, operation factor of plants
and their location can affect investment behavior.

(5) Admissible loading of transmission networks can affect mar-
ket indicators. In this respect, market price often decreases
when admissible loading increases. In addition, the total
productions and profit of the strategic producer, the total
investment and social welfare have been increased.
However, productions and the net surpluses of the
price-taker companies have been decreased.

Impact of investment incentives can be included into the pro-
posed model as future work. The proposed model can be expanded
to consider impacts of transmission expansion plans, availability of
fuel transmission network, regulatory impacts, DSM plans and
demand uncertainty.
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