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Abstract — This paper discusses the electricity market
price simulation by considering transmission congestion
and prohibited operating zones of units. Units with prohib-
ited zones are prevented from operating in certain trajec-
tories between their minimum and maximum heat rate
capacities. Accordingly cost curve of these units are non-
convex. The non-convexity could cause numerical difficul-
ties when applying conventional methods for generation
dispatch such as iteration methods. In this paper, a solu-
tion method is proposed for the generation dispatch prob-
lem by considering prohibited zones. The effect of prohib-
ited zones on transmission congestion and locational mar-
ginal prices (LMPs) is discussed. It is shown that prohib-
ited zones could aggravate transmission constraints and
result in higher LMPS at critical buses. Furthermore
prohibited zones could affect the competitive cost of oper-
ating power systems and lead to more conservative pre-
ventive actions such as load shedding to enhance the secu-
rity of power systems. An example of 8-bus system demon-
strates the prohibited zones and their effect on LMP and
system operation.

Keywords: Power system operation, prohibited op-
erating Zone, forbidden zone, locational marginal
price (LMP), transmission congestion, generation
dispatch.

1 INTRODUCTION

Because of the physical limitations of generation
units (e.g., mechanical stress and vibrations of shaft
bearings, thermal stress of boilers, and operating con-
straints of auxiliary equipment in power plants), the
generating units may not be able to operate in specific
operating zones. For instance, mechanical vibrations
could cause cumulative metal fatigue in turbine blades
and lead to premature turbine blade failures. Prohibited
operating zones where generating units are forbidden to
operate would represent the operating limits of generat-
ing units for practical reasons. The prohibited zones
could represent gaps on generation cost curves and
cause discontinuity on curves. Figure 1 depicts cost
curve of a unit with prohibited zones.

This paper discusses the solution of economic dis-
patch (ED) problem with prohibited zones. Convention-
ally, the ED problem is solved by assuming that all units
are utilized continuously between P, and P... There
are many approaches for solving convex ED problem
including iterative method, linear programming (LP).
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A Unit Prohibited Zones
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Figure 1: Cost curve for a unit with prohibited zones

If conventional ED methods are applied to a problem
with prohibited zones, the optimal solution might re-
quire certain units to operate in prohibited zones. In
such situations, those units would operate in their near-
est feasible points for economic dispatch. This adjust-
ment of economical point could result in a less optimal
solution. Another option is to perform a conventional
iterative search within each feasible region of individual
units. However, this approach could be impractical for
large power systems and would consume a lot of com-
putation time. Dynamic programming is not a practical
option in such circumstances because of computation
time.

A limited number of technical studies were proposed
to discuss ED with prohibited zones. Lee and Breipohl
[1] solved the problem by dividing the non-convex
decision space into classified subsets. The dispatch
problem without prohibited zones was solved by La-
grangian relaxation. If the solution was infeasible or
situated in prohibited zones the subset will be classified
and optimal decision based on least cost will be made
among all feasible solution with classified subsets.

Orero and Irving [2] investigated the application of
genetic algorithms (GA) to solve the ED with prohibited
zone problem. They proposed two different implemen-
tations: A standard GA and a deterministic crowding
GA. Their solution technique makes a direct search and
does not directly rely on the incremental cost function.
Accordingly, the non-convex behavior of cost curve
does not cause much difficulty in ED calculation.

El-Gallad and El.Hawary [3] introduced the particle
swarm optimizer (PSO) for solving the non-convex ED
problem. The proposed method was a parallel popula-
tion-based search method and the ED results were com-
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pared with those of conventional method and the Hop-
field neural network method.

Fan and McDonald [4] defined a set of decision
spaces for ED. Each decision was made by analyzing
the desired optimal solution, neglecting prohibited
zones, and estimating a factor for each space to identify
the suitable space. The optimal solution identifies the
most suitable space via the 4 —J iterative method.

Su and Chiou [5] introduced a Hopfield neural net-
work method for solving ED by considering prohibited
zones. The proposed method employed a linear input-
output model for neurons to solve the ED problem
quickly. Applying the proposed model to prohibited
zones, allowed the authors to achieve the optimal solu-
tion for the non-convex ED problem.

Yalcinoz and Altun [6] applied an improved Hop-
field neural network method to solve the ED problem
with prohibited zones. They formulated a new mapping
process and described a computational method for cal-
culating weights and biases to handle inequality con-
straints.

Zang and Wang [7] introduced an approach for solv-
ing the ED problem in power markets. The Newton
interpolation method was adopted to solve the ED prob-
lem. Some special conditions of bidding curve and
generation cost was considered in ED problem.

In this paper, a numerical approach is proposed for
adjusting cost curves with prohibited zones. Accord-
ingly the ED problem would be solved by conventional
methods. Effect of prohibited zones on transmission
congestion and LMP is illustrated. We show that pro-
hibited zones could aggravate transmission congestion
and change LMPs.

2 PROHIBITED OPERATING ZONES

We consider the minimum cost solution as the objec-
tive of ED in which the total generation cost is mini-
mized over certain periods while satisfying certain op-
erating constraints such as generating unit capacity,
system demand, and operating reserve requirements.

For units without prohibited zones, the generation
dispatch is calculated using the following optimization
problem:

N N

Min ZF(Pi):Z(ai +b: Py +CiPiz) 1
i1 i1

st.

N
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i=1
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Pz’,min <P < Pz’,max i=L.,N
where,

i : Index of unit

P, : Generation of unit i
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a;,b;,c; : Cost coefficient of unit i

N : Number of units

F(P;)  :Costof generation P,

S; : Unit spinning reserve

Sr : System required spinning reserve
P : Transmission losses in MW

P, : System load demand

However, when prohibited zones are present, the fol-
lowing additional constraints must be added:

AE‘,min <P <P
.};.ljjf] <p <P J=2, 00 M, )
ORLEL

where,

})ldj : Lower limit of /™ prohibited zone of unit i

B, :Upper limit of /™ prohibited zone of unit i

M; : Number of prohibited zones of unit i

It is noted in (2) that unit i will have (M;+1) disjoint
operating sub-regions if it has M; prohibited zones.
Since the unit with prohibited zones can be only oper-
ated in one of the disjoint operating sub-regions, the ED
problem is associated with many decision sub-spaces.
The number of decision sub-spaces resulting from pro-
hibited zones is enumerated as:

N
Np :1:[1(Mi+1) )

where Np is the number of decision sub-spaces. If
there are many units with prohibited zones in the sys-
tem, the number of decision sub-spaces and the compu-
tation time for ED could increase accordingly.

In this paper, we model the prohibited zone by an
equivalent incremental cost section which facilitates the
unit 7 dispatch at its most economical and feasible re-
gion. The equivalent incremental cost section will
bridge the gap between lower and upper limits of pro-
hibited zone on the cost curve so that the ED problem
could be solved by conventional methods.

3  PROPOSED ED MODEL FOR PROHIBITED
ZONE

In this section, we propose an approach for solving
ED by considering prohibited zones. Based on equal
incremental cost criterion, committed units in a power
system are dispatched based on their incremental costs.
The solution state for minimum operation cost is ob-
tained when the unit incremental costs are the same.

Figure 2 depicts a cost curve with prohibited zone

where unit cannot operate between }3;1 and p. To

model prohibited zone, we introduce a representative
incremental cost 3, which is associated with the jh

prohibited zone of unit 7 as follow:
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where F; is the cost function and P,f is the economi-

cal dispatch of unit i corresponding to incremental
costa, . First, it is assumed that the unit could operate

within its jth zone and ignore prohibited zone limit. If
the j" zone is a prohibited zone, we define % such that

if the system’s incremental cost exceedsxy. , then it

would be more economical to dispatch the unit at or
above py# . Similarly, it would be more economical to

operate the unit at or below P,-f’ , if the system incre-

mental cost is less than; . For the system incremental

cost equal toL,, it would be equally economical to

ij >
operate the unit at either P,-J‘-’ or B/ . Accordingly, the
objective is to calculate the equivalent A; when the
incremental  cost s

system between X‘fj and 1

( k?j and X are corresponding incremental cost for lower

and upper limit of prohibited zone ).
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Figure 2: Cost curve with prohibited zone

In order to calculate the equivalent incremental cost,
we assume that unit i is generating P,-j‘f MW. Based on

Figure 2, when generation level changes from Pl-]‘.i topY,

the additional generation cost will change as follow:
AF, = Fy(P )= F(F} ) (5)
The additional generation cost is the difference be-

tween cost of generating A and Pijd MW. It is also

represented by the area between cost curve and horizon-

tal axes (P) which is equal to:
AF; = AP, x . ;; + Al = A2 (6)
Where Alis sum of the surrounded areas CDE and
GHI, and A2 is the sum of ABC and EFG. When out-
put of one unit changes other units need to balance
energy in the system. Since unit i output is increased
by AP;, the output of other units will be decreased by
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AP; to satisfy the balance between generation and de-
mand. Accordingly, the total system cost changes as:

AFy = AP, <) (7
Accordingly, the total change in the system cost is:
AF = AF, = AF, = A= A2 (8)

From (8), when Al = A2, the additional cost of sup-
plying the load is zero. As a result, if we find /1,-]- based
on the equal area criterion. In Figure 2:

A= |F(RE ) - rerd )|y pE B ©)

82= (B =R )-|Per )~ Ferf ) (10

If we let Al to be equal to A2, then
_F(P})-F(P])

By =B

U
i

Ajj

(11

In Figure 3, %;; is equal to the average cost associ-

ated with prohibited zone and the conventional method
can be applied to solve ED with unit prohibited zone.

A

Incremental Cost

P

P . fj)d Pu

min if max

Figure 3: Modified cost curve with prohibited zone

4 EFFECT OF PROHIBITED ZONE ON LMP

LMP is the marginal cost of supplying the next in-
crement of load at a specific bus or power system loca-
tion with respect to system limits [8]. When the there is
no congestion, price is same on all buses throughout the
system which is the marginal cost of meeting the last
incremental demand. However, when there is conges-
tion the locational price signal could be different from
MCP. Because the available low cost supply cannot be
delivered to the demand sites.

Different factors affect system congestion and LMP
consequently. In this study we illustrate the effect of
prohibited zone on congestion. In case of prohibited
zone, there is more limitation to utilize the generating
unit. Assume that for a given load the optimum genera-
tion of unit is into the prohibited zone. Since unit cannot
operate at this point, the unit output will jump to upper
or lower limit of prohibited zone. This causes change in
the output of other units to balance the generation and
demand. As a result, system will move from optimum
solution. These changes in system operation act like a
noise, and cause congestion, especially when system
works near the critical point.
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Mathematically, LMP is the dual variable or Lagran-
gian multiplier for the equality constraint (node balance
equation) in the constrained economic dispatch problem

(8].

5 CASE STUDY

To illustrate the impact of prohibited zones on power
system security and bus LMPs, we apply the proposed
approach to an 8-bus system. The network configuration
is given in Figure 4 with unit information in Table 1.

Unit 1 Unit 3
Bus 1 Bus 2 T Bus 3 T

Figure 4: Network configuration of 8-bus system

Based on Table 1, the most expensive incremental
cost is that of unit 6. Units 1, 3, 4, 5 and 7 have prohib-
ited zones as listed in Table 2. It shows lower and upper
generating limits of prohibited zones. Table 3 shows
transmission parameters.

To demonstrate the effect of prohibited zones on
power system security and market prices, we analyze
the following scenarios:

e Case 1: Effect of unit prohibited zone on LMP
e Case 2: Effect of unit prohibited zone on system

operation
Units cost coefficients
Bus No c b a Poin | Prax
($/MW.H?) | (SMW.H) | ($/m)

1 0037 9.8 100 | 20 | 100
2 - - - - -
3 0041 17.02 145 | 10 | 70
4 .0039 10 112 | 10 | 90
5 004 10.1 110 | 10 | 100
6 0045 25.1 180 | 10 | 50
7 .0035 9.3 100 | 20 | 200
8 - - - - -

Table 1: Generating units information

[I{?;t N}Egli?:; ;;?;2- Prohibited Zones
1 1 [60,70]
3 2 [15,25], [45,55]
4 2 [30,45], [70,85]
5 1 [75,85]
7 2 [50,60], [110,125]

Table 2: Unit prohibited zones
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Line No |From bus | Tobus | X (p.u.) | Line Limit (MW)
1 1 2 0.03 37
2 1 4 0.03 200
3 2 3 0.011 200
4 3 4 0.03 60
5 4 5 0.03 22
6 5 6 0.02 200
7 6 1 0.025 75
8 7 4 0.015 200
9 7 8 0.022 200
10 8 3 0.018 37

Table 3: Line parameters

Case 1: Effect of prohibited zones on LMP

Figure 5 depicts the most economical load flow solu-
tion without prohibited zones. In this case lines are not
congested and ED calculates the system cost. Basically,
when there is no congestion, ED will allocate the re-
quired load demand between the generation units such
that the cost of generation is minimized. So, an efficient
generating dispatch could be utilized based on equal
incremental cost criteria. This issue can be seen in Fig-
ure 5. The expensive units 3 and 6 are not utilized, and
there is no limitation to supply the load by cheaper
units.

LMP will be same for all buses, as 10.4 $/MWh.
These results show that unit 5 would have been oper-
ated within its prohibited zone (between 75 and 85
MW), had we considered those zones in ED.

fww 1c@ TtMMW
|

63 MW

Figure 5: Generation dispatch without prohibited zones
(Case 1)

Now for the same generating system we consider the
effect of prohibited zones. As it is discussed in this
paper, in a power system transmission congestion could
prevent an economical generating dispatch. When a
transmission line becomes congested, there is no addi-
tional power that can be transferred from injection point
to sink point. It causes more expensive units may have
to be utilized for load balance. In a competitive market,
such an occurrence would cause different LMP. Here,
we show that operating out of the prohibited zone ag-
gravates congestion and LMP consequently.

Based on equation (11), the associated incremental
cost for prohibited zone of unit 5 is 10.7 $/MWh. Since
the system incremental cost is less than 10.7, unit output
will jump to lower limit of prohibited zone. So, by con-
sidering the prohibited zone effect, the 78.5 MW gen-
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eration of unit 5 in Figure 5 decreases to 75 MW at the
lower limit of the unit prohibited zone. Figure 6 shows
that unit 6 is also dispatched for supplying the load at
bus 6 since line flows on L, (between buses 1 and 6) and
L¢ (between buses 4 and 5) have reached their upper
limits. This is an expensive unit which will increase the
cost of supplying the load in the system. Table 4 indi-
cates that LMPs at buses 5 and 6 are much higher since
flows on lines L¢ and L, are constrained. It can be seen
that unit prohibited zone aggravates congestion and
increases LMP.

184 MW

1268

Figure 6: Generation dispatch with prohibited zones
(Case 1)

Bus No 1 2 3 4 5 6 7 8

LMP

(SMwhy | 104] 104 104] 1041 2521252 | 104 | 104

Table 4: LMP on buses with considering prohibited zones
(Case 1)

Case 2: Effect of prohibited zones on system opera-
tion

In this case, we consider the same system but load
has been changed. Figure 7 shows load distribution and
load flow without considering prohibited zone effect.
The dispatch results indicate that the congestion occurs
on buses 2 and 3. As shown in Figure 7, flows on lines
L, (between buses 1 and 2), L, (from bus 4 to 3) and Lo
(between buses 8 and 3) are near their upper limits.
Because of congestion on interconnection lines to buses
2 and 3, expensive unit 3 must be utilized to satisfy load
balance on buses 2 and 3. This causes increasing price
on buses 2 and 3. Table 5 indicates the LMP at buses 2
and 3 is higher at 17.1 $/MWh. Unit 3 is generating
19.85 MW which is within its prohibited zone (between
15 and 25).
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64.35 MW 89.1 MW
76.65 T 19.85 T

74.25 MW

Figure 7: Generation dispatch without prohibited zones
(Case 2)

Bus No 1 2 3 4 5 6 7 8
LMP
($/MWh) 104|172 172 | 104 | 104 | 104 | 104 | 10.4

Table 5: LMP on Buses without considering prohibited zones
(Case 2)

Now for the same system we consider the impact of
prohibited zones and solve ED problem. Unit 3 will be
decreased by 4.85MW to its lower limit of prohibited
zone (15MW). Since line flows to buses 2 and 3 are
congested they cannot supply the remaining 4.85 MW.
So there is problem to supply the load on bus 2 if we
consider prohibited zone of unit 3. In this case we need
to shed load at buses 2 and 3 as shown in Fig. 8. Table 6
shows the corresponding LMPs.

61.87 MW 86,9 MW
78 :‘ 15 :‘
L 7 L]

74.25 MW

Figure 8: Generation dispatch with prohibited zones
(Case 2)

Bus No 1 2 3 4 5 6 7 8

LMP
($/MWh)

Table 6: LMP on Buses with considering prohibited zones
(Case 2)

104 | 172172 | 104 | 10.4 | 104 | 104 | 104

6 CONCLUSION

Constrained economic dispatch problem is an impor-
tant issue in power system study. This paper is focused
on generating units with prohibited operating zones and
their effect on system operation. A numerical approach
is proposed to solve the problem by conventional meth-
ods. The proposed method has been tested and imple-
mented with an 8-bus test system data. Results show the
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prohibited zone limit impacts system congestion and
pricing.
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