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Electricity markets are open after the deregulation of power systems due to competition.
An optimization problem based on dynamic economic dispatch has recently come up in
the new context of deregulated power systems known as bid-based dynamic economic
dispatch (BBDED). It is one of the major operations and control functions in the electricity
markets used to determine the optimal operations of market participants with scheduled
load demands during a specified period. BBDED involves power generation companies
(GENCOs) and customers to submit energy and price bids to the independent system
operator (ISO) in a day-ahead market. The ISO clears the market with the objective of
social profit maximization. In this paper, a BBDED problem is solved using an improved
simulated annealing algorithm (ISA), including system constraints with different periods
under bidding strategies. The proposed ISA technique is implemented in MATLAB and
applied on a 3-unit system, a 6-unit system, and a 40-unit large-scale system. The proposed
ISA is evaluated by comparison with relevant methods available in the literature, to
demonstrate and confirm its potential in terms of convergence, robustness, and
effectiveness for solving the BBDED problem.

1. INTRODUCTION

In traditional power systems, the power supply is
monopolized, where there is no competition. Suppliers try to
reduce the estimated cost of production while ensuring
sufficient security of supply for consumers who do not have
the choice of their supplier. The power supply from production,
transmission, distribution, and system operations are under the
monopoly by a single utility known as the vertically integrated
utility. The scheduling problem in these systems is known as
the dynamic economic dispatch (DED), which has become a
significant optimization problem. In DED, the objective is to
schedule production units and dispatch power demand
between them and find optimum production scenarios subject
to minimize the overall generation and operating cost in a
power system during a period taking into account various
system constraints and satisfying hourly load demands [1, 2].

Quite recently, after the 1980s, the power industry has been
moved from a monopoly model to a restructured model, which
is characterized by unbundling electricity companies, open
power grids, and competitive electricity markets in several
countries. The objective of the restructuring is to improve the
economic and technical performances of power systems by
introducing the competition between suppliers, which leads to
the opening of electricity markets, where the optimization
problem is moved from cost optimization to profit
maximization. Based on the microeconomic theory of perfect
competition, all producers can maximize their profit by
bidding energy at their marginal cost [3, 4]. The competition
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is generally based on the pool electricity market, which allows
GENCOs and customers to submit their supply and demand
bids for each trading period to the 1SO. The ISO clears the
electricity market by aggregating and matching these bids to
determines the dispatched power of each GENCO, demand
level of the customer, and the market-clearing price (MCP) [5].
GENCOs try to maximize the social profit by bidding energy
at a minimum cost respecting constraint in their production
units. These include equality and inequality constraints,
production capacity limits, and ramp/rate limits, also load
balance constraint and transmission losses. Customers try to
increase their benefit, where they have the choice of their
suppliers using a bidding strategy [6, 7]. ISO may perform a
BBDED, to achieve the objective of GENCOs and customers,
considering demand and supply bids over trading periods,
including multiplayer bidding strategy.

Many researchers have proposed various methods such as
efficient interior-point (IP) algorithm [8], particle swarm
optimization (PSO), linear programming (LP) [9], isolation
niche immune genetic algorithm (INIGA) [10], differential
evolution (DE) [11], evolutionary algorithm (EA) [12],
quadratic programming (QP) [13], symbiotic organisms
search (SOS), [14] and multi-echelon (ME) [15] to solve
various BBDED problems. In this paper, an improved
simulated annealing (ISA) algorithm, which is a heuristic
method, is presented and proposed for solving the BBDED
problem. The power dispatch is made via a competitive pool
power market where participants aim to achieve maximum
social profit and benefit. Therefore, the proposed ISA is
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feasible to solve the BBDED problem if it provides optimal
solutions using a probabilistic approach to accept candidate
solutions with less computation time.

This paper is organized as follows: Section 2 introduces the
mechanism of the competitive pool electricity market. In
section 3, the BBDED problem is formulated and presented.
Solution methodology is proposed and explained in section 4.
The simulation study cases and the obtained results are
presented and discussed in section 5. Section 6 despites a
conclusion and future perspectives.

2. COMPETITIVE POOL ELECTRICITY MARKET

The bidding mechanism is studied in a day-ahead
competitive pool market where the main market agents are
GENCOs, customers, and 1SO. When the pool market is
operated centrally, an organization known as the independent
system operator is created. This ISO has two essential roles.
Firstly, it manages the market to facilitate commercial
transactions between GENCOs and customers. Secondly, it
improves the reliability of the transmission system. In this
model, the MCP is set according to the interplay of participants
as shown in Figure 1 [16].
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Figure 1. Competitive pool electricity market structure

The market-clearing process is performed by 1SO using an
optimization dispatch approach considering the bids submitted
by GENCOs and customers. GENCO’s supply bid is the
minimal requested price that the GENCO would accept to
supply a given amount of electrical energy. Likewise, the
demand bid is the maximal price that the customer would
agree to pay to consume a given amount of power, and then
ISO. Based on the aggregation of the received bids, a graph is
created, showing a cumulative function of energy and price of
the offered quantity by GENCOs, as shown in Figure 2.
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Figure 2. Electricity market clearing process
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It is known as the supply-side curve of the electricity market.
Moreover, the demand-side curve can be obtained by asking
customers to bid the amount they request at the price of the
power they are willing to pay. Therefore, unless the function
of the demand-side is reduced, the price rises. The MCP is set
by the intersection between these curves. The dispatch role is
to clear the electricity market to determine supply and demand
quantities, market price, the social profit of GENCOs, and the
benefit of customers while minimizing the total cost of
production at a given period [17, 18].

3. PROBLEM FORMULATION

The optimization problem in the BBDED mathematical
model is formulated as an objective function based on social
profit maximization in a centralized electricity market
considering the received bids from GENCOs and customers.
The dispatching problem is performed based on these bids and
defined as the customers' total benefit minus the total
production cost of GENCOs, where the bid price of
participants is therefore estimated with a quadratic function to
simplify the computation.

3.1 Objective function

The objective function is expressed with the following
equation:

T Nc Ng

Max(PF) =>"| > B;(D;)->.C;(Pg;,) (1)
t=l| j=1 i=1

B (Dj,t)zadj D" +byDj, +C4 )

o (Pg it ) =a,;Pg i,t2 +bgi Pg;, +Cy (3)

where,
B;j(Dj): Benefit function of the customer j;
Ci(Pgi,): Cost function of the generator i;
Dj«: Demand bid quantity offered by customer j at period t;
Pgi:: Supply bid quantity offered by generator i at period t;
Nc: Customers number;
Ng: Generators number;
adj, baj, Cqj: Benefit coefficients of customer j;
agi, bgi, Cgi: Cost coefficients of generator i;
jo 1,2, ... Ng
ii1,2, ...Ng
t: 1,2, ...T: Period number.
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The objective function is formulated with two functions.
The first is the benefit function of customers. To maximize
benefit, customers should develop their bidding strategies
using price bidding coefficients (aq) and (bg;). These strategies
are classed as high bidding, medium bidding, and low bidding
according to each strategy bid price coefficients. The bidding
strategy optimization model was carried out based on literature.
It is demonstrated experimentally by authors that for high
bidding, the customer's coefficient (ag)>0.09, for medium
bidding, the customer's coefficient (ag) is within a value of
0.05, and for low bidding, the customer's coefficient (a4)<0.01.
It is also proposed to formulate the customer bid price
coefficient (bg) according to the inequality 0<(bgj)<Am, where,



(Am) is the energy clearing price [19]. The second term is the
cost function of generators. GENCOs must act as price takers
and bid energy at their marginal production cost to maximize
the social profit and reach the objective function in the
competitive market, as discussed in section 1, under the
following equality, inequality, and ramp rate limit constraints.

3.2 Equality constraint

Equality constraint is formulated as follows:
Ng Nc
2.Pgi =)D, +P, (4)
i=1 j=1

where, P.: Transmission losses are given with B-coefficients
as follows:

Ng Ng Ng
P.(Pg,)= Zngi,t B:iPd;, +ZBi,0Pgi,t +Boy (5
i1 i1 =

3.3 Inequality constraint

The power output of the generator is between lower and
upper limits. It is designed to produce power in a secure
interval to avoid over or underproduction when meeting the
load demand.

F)gi,,t min S I:)gi,t S Pgi,t max (6)

The bid quantity of a customer is defined between a
maximum and minimum limit to maintain the equilibrium with
the supply side.

Ditmn <D, <D (7

j,t max

3.4 Ramp rate limit constraints

The power output of the generator is also limited within the
ramp rate limit. It expresses the rate at which the production
of a power unit is changed, either by increasing (increase) or
decreasing (decrease). It is therefore expressed in a unit of
power over time (MW per minute).

DR, < Pgi,t _Pgi,(t—l) <UR; (8)

where, DRi: Maximum decrease power (ramp-down) of the
generator i during a period; UR;: Maximum increase power
(ramp-up) of the generator i during a period.

4. IMPROVED SIMULATED
ALGORITHM FOR BBDED PROBLEM

ANNEALING

4.1 Simulated annealing and optimization

The simulated annealing (SA) is a technique used in many
optimization fields. It uses the similarity of the minimization
process and molten metal cooling. It was proposed in 1953 by
Metropolis to obtain the thermodynamic condition of an
annealed system at a simulated temperature T [20]. It has the
potential to find optimal global or near-global solutions. It is
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used to solve many power system problems. The SA method
is based on a physical annealing process where T, known as
temperature, is selected, and molten metal is slowly cooled
from a higher temperature to a lower temperature until it
solidifies. The iteration number of the optimization problem is
identical to the level of the temperature in this technique. In
every iteration tries, generating a candidate solution is carried
out. If the solution generated is the better one, then a new
candidate solution will be generated using this solution. If not,
it is an unsuccessful solution. The acceptance of this solution
will depend on an acceptance probability P, (A) when it is
higher than a number randomly selected in the interval of [0,1].

P, (AF)=1/[1+exp(AF /T )] )

where, (AF) is the level of degradation that occurs when the
new solution is generated compared to the current solution.
The term T represents the temperature level where the new
solution is to be generating. When solutions are unsuccessful
and accepted as described previously, this allows the simulated
annealing to move away from the optimal local solution and
search for the optimal global solution. Each of the accepted
solutions will be utilized for generating a new candidate
solution. The current one is affected by a certain probabilistic
function with the repetition of a specific number of tries. Then,
in the following iteration, the final successful candidate
solution is considered the initial solution for generating the
next candidate solution. The process continues, while the
temperature is decreasing with the following iterations with a
cooling factor as given in the expression.

T =aT, (10)
where, To: Initial temperature; T: Temperature at iteration k;
o Temperature decrease factor.

Therefore, as T decreases, the value of P, (A) decreases.
This solution process remains until the maximal iteration
number is achieved, or the optimum solution is obtained [21,
22]. The correspondence between the SA technique
considering the metal annealing process and the solution
process in the optimization problem is presented in Table 1.

Table 1. The simulated annealing implementation process for
solving the optimization problem

SA process Solving process
Metallurgical materials Optimization problem
Energy Objective function
Temperature Controlling parameter

Materials states Solutions
States of materials with a

Optimal solution
lower energy content

4.2 Proposed ISA algorithm

The proposed ISA algorithm is implemented and modified
to solve a BBDED problem. The ISA is applied to search and
find the optimal solutions for different parameters like
generation cost, customer benefit, and the social profit after
the dispatching GENCOs power on customers' demand in the
most economical operation, as described above, for the
objective of social profit maximization. The solutions need to
be generated in the neighborhood of current ones while the
solution perturbation range decreases with temperature



decrease. Hence, the algorithm can generate feasible solutions.

The proposed ISA algorithm is described using the
flowchart shown in Figure 3 and given as pseudo-code in
Algorithm 1.

Start

Set ISA initial parameters

v

Generate initial solution according
to initial temperature and evaluate
the obiective function

v

Generate new solution according
to the current one and evaluate the
objective function

Replace the
Yes
New solution better ‘;"W
than the current? s ution
with the
current one

Solution optimization
and reaching maximum
tries for this temperature?

Decreasing annealing temperature

Lowest temperature
limit reached?

Figure 3. The flowchart of the ISA algorithm

Algorithm 1. The proposed ISA algorithm

1. Begin

2. Initialize (random solution S, initial temperature To,
global iteration count C)

3 S best < S current;

4 C-< 0;

5. T« To;

6. Iterative Processes

7 NTiter < 0;

8 While (NTiter < NTmax)

9. C - C+1; NTiter < NTiter+1;

10.  Generate a neighbor random solution S” € N (S current)
and compute objective function ‘MaxPF’ (PF)

11. If (PF(S’) > PF (S current);

12. S current S’;

13. If (PF(S’) > PF (S best);

14. S best < S’;

15. Else

16. APF——— PF (S best) - (S current);

17. Prob (APF, T)«=— exp (-APF/T)

18. Randomize rin (0,1)

19. If r > exp(-APF/T)

20. S current > S’;

21. If PF (S best) > (S current);

22. S best < S’;

23. End

24. Decrease temperature with a cooling coefficient
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25. T=aT;(0<a<l),
26. End
27.  End

5. RESULTS AND DISCUSSION

Each of the results discussed in this paper was obtained
using the proposed improved simulated annealing algorithm to
solve the bid-based dynamic economic dispatch problem.
Bidding strategies are implemented to model the competitive
electricity market in trading-periods and applied in three study
cases. The ISA algorithm is developed in MATLAB
environment and used to search for optimal solutions, which
are the optimized values of the outputs after the market-
clearing and dispatch the supplied power of GENCOs to the
customers' demand. The iteration number is set to 300
iterations. Table 2 presents the parameters for the proposed
ISA algorithm.

Table 2. Proposed ISA parameters

Initial alpha Max tries Final
temperature P temperature
20°C 0.99 10 e3 0.1°C

5.1 Study case 1

In this case, a 5-bus power system with 3 GENCOs and 2
customers connected via 6 transmission lines is considered.
For GENCOs, the fuel cost coefficients are taken as price bids
to represent the producers' bidding strategy. For customers
demand, bids are represented as a fixed bidding strategy and
taken from the study [8] and given in Tables 3 and 4.

Table 3. Generators bid data for the 3-unit system

Gen Agi b Cyi Pmin Prmax URi DRi
($/MWh)(FMWHh) () (MW)  (MW)  (MW/h)(MW/h)
1 0.001562 7.92 560 0 600 20 20
2 0.00194 7.85 310 0 400 40 40
3 000482 797 78 0 200 20 20
Table 4. Customers bid data

Customer 1 Customer 2

adj ($/MWh?) -0.175 -0.150

baj ($/MWh) 100 110
Load demand at period 1 (Dmin

10 Dmax) (MW) 400 to 650 200 to 350
Load demand at period 2 (Dmin 200 to 300 300 to 400

t0 Dmax) (MW)

Transmission line losses are considered in this case and
represented by B-coefficients matrix as follow [23]:

3.00 0.00 0.00
B, =1e°/0.00 9.00 0.0
0.00 0.00 12.0

The bid data of GENCOs and customers and B_coefficients
are taken as inputs in the proposed ISA algorithm. In this study,
participant bid quantities are allocated optimally over two
trading periods. The overall bid-based dispatch results are
presented in Table 5 and Figure 4.



Table 5. Results of bid-based dispatch for 3-unit system

Qutputs Period 1 Period 2

P1 (MW) 261.7319 282.2205

P2 (MW) 295.1013 239.4151

Ps (MW) 176.7867 77.9605

Total generation (MW) 733.6199 599.5961

D1 (MW) 400 259.8537

D2 (MW) 332.5900 338.9802

Total demand (MW) 732.5931 598.8340

Total losses (MW) 1.2067 0.7621

Generation cost ($) 7173.0412 5948.8465
Customers benefit ($) 31992.3593 34220.366
Social profit ($) 24819.318 28271.5198

CPU Time/iteration (sec) 0.0224 0.0123

Total Gen cost ($) 13121.88
Total Customers benefit ($) 66212.72
Total Social profit ($) 53090.83

[ Generation cost
40000 - I customers benefit
36000 4 I social profit

®)

Period 1 Period 2

Figure 4. Outputs for two periods

It can be seen that all GENCOs and customers respect
power limits (supply and demand). ISA has dispatched the
three generating companies produced power with 733.6199
MW to satisfy a total demand of 732.5931 MW for the
customer 1 and customer 2 in trading period 1. Similarly, in
period 2, generating companies have supplied 599.5961 MW
to customer 1 and customer 2 for a total demand of 598.8340
MW. From period 1 to period 2, social profit is maximized
with 3452.2018 $ (from 24819.318 $ to 28271.5198 $). The
customers benefit also increased with 2228.0067 $ (from
31992.3593 $ to 34220.366 $) due to the minimization of
generation cost with 1224.1947 $ (from 7173.0412 $ to
5948.8465 $). Total system losses are also dropped with
0.4446 MW (from 1.2067 MW to 0.7621 MW) when the
demand is decreased.

Lin and Chen [8], and Zhao et al. [9] concluded that LP and
PCIPQP had proven the effectiveness in providing better
results in solving the BBDED problem. To verify and validate
the potential of the proposed ISA algorithm, the bid-based
dispatch results are compared to LP and PCIPQP approaches
and presented in Table 6.

Table 6. Results comparison

Approach Total Gen  Total Customers  Total Social
cost ($) benefit ($) profit ($)
LP[9] 13426 64372 50936
PCIPQP [8] 13158 66246 53088
ISA 13121.88 66212.72 53090.83

We have seen that PCIPQP has achieved total customers
benefit of 66246 $, which is higher than the proposed ISA and
LP approaches with 33.28 $ and 1874 $, respectively.

The proposed ISA has performed better compared to other
approaches by achieving a total social profit of 53090.83
$ which is higher than the LP, and PCIPQP approaches with
2154.83 $ and 2.83 $ respectively due to the optimized cost
obtained with 13121.88 $ which is minimized than PCIPQP
and LP with 36.12 $ and 304.12 $ respectively. The statistical
and computational comparison indicates that the ISA approach
is feasible for providing better solutions than the other
methods.

Figure 5 shows the convergence curve of the proposed ISA
algorithm for solving the BBDED problem of the 3-unit
system.

x10*

54 B

Total Social profit ($)

0 50 100 150 200 250 300
No. of Iterations

Figure 5. Total social profit convergence characteristic of 3
unit-system

5.2 Study case 2

In the second case, a medium power system with 30-bus,
including 6-GENCOs and 2 customers connected via 41
transmission lines, is used. GENCOs data are taken from Ref.
[11] and given in Table 7.

Table 7. Generators bid data for the 6-unit system

Gen agi bgi Cgi Pmin Pmax URi DRi
($/MWh?) ($/MWh) ($) (MW) (MW) (MW/h) (MW/h)
1 0.00375 2.00 0 50 200 65 85
2 0.01750 1.75 0 20 80 12 22
3 0.00625 1.00 0 15 50 12 15
4 0.00834 3.25 0 10 35 08 16
5 0.02500 3.00 0 10 30 06 09
6  0.02500 3.00 0 12 40 08 16

The transmission line losses are considered and represented
by B-coefficients matrix as follow [24]:

[2.00 0.10 0.5 0.05 0.00 -0.3]
0.10 3.00 -0.2 001 0.12 0.0
0.15 -0.2 1.00 -0.1 0.0 0.08
g 0.05 001 -0.1 150 0.06 0.50
0.00 012 0.0 0.06 250 0.20
|-0.3 010 0.08 050 020 2.10




For the customers, bids are represented with low, medium,
and high bidding strategies. The BBDED is solved under
bidding strategies to study its impact on the market during two
trading periods. The customers' data are taken from the study
[11] and given in Table 8.

Table 8. Customers bid data

b) Medium bidding strategy

In this case, the bid coefficient (ag;) is taken for customer 1
and customer 2 to be 0.07 $/MWh? and 0.05 $/MWh?
respectively. The bid coefficient (bg) and the power demand
of customers are taken as in low bidding case during the two
trading periods. The results obtained under the medium
bidding strategy are presented in Table 10.

Customer 1 Customer 2 Table 10. Results of bid-based dispatch for medium strategy
Low/Medium/High  Low/Medium/High
adj ($/MWh?) -0.06/ 0.07/0.1 -0.08/0.05/ 0.09 Outputs Period 1 Period 2
baj (/MWh) 20 15 P1 (MW) 91.6388 112.5598
Load demand at P2 (MW) 80.00 80.00
period 1 (Dmin to 100 to 150 50 to 100 P3 (MW) 50.00 50.00
Dmax) (MW) Ps (MW) 10.0598 10.24595
Load demand at Ps (MW) 10.00 10.07445
period 2 (Dmin to 200 70 100 to 200 Ps (MW) 12.2890 12.07805
Dmax) (MW) Total generation (MW) 254.0519 274.9583
D1 (MW) 150 70
a) Low bidding strategy D2 (MW) 100 200
In this case, the bid coefficient (aq;) is taken for customer 1 Total demand (MW) 250 270
and customer 2 to be -0.06 $/MWh? and -0.08 $/MWh?, Total losses (MW) 4.0519 4.95834
respectively. The bid coefficient (bg) for customer 1 is Generation cost () 639.2998 695.072
. . Customers benefit ($) 6575 6743
assumed to be 20 $/MWh, and for customer 2 is considered to Social profit (8) 50357 6047.92
be 15 $/MWh. The energy clearing price is supposed to be 20 CPU Timeliteration (sec) 00117 00134
$/h during the two periods. In the first period, customer 1 Total Gen cost ($) 133437
submit a bid of 100 MW at the minimum, and at maXimum, a Total Customers benefit ($) 13318
bid of 150 MW and customer 2 submit a bid of 50 MW at the Total Social profit ($) 11983.62

minimum and, at maximum, a bid of 100 MW. Table 9
presents the results obtained under the low bidding strategy.

Table 9. Results of bid-based dispatch for low strategy

Outputs Period 1 Period 2
P1 (MW) 88.8516 50.00
P2 (MW) 58.5893 80.00
Ps (MW) 38.2288 17.3817
P4 (MW) 10.4977 10.0039
Ps (MW) 10.1144 10.0101
Ps (MW) 12.00 12.0068
Total generation (MW) 218.282 179.4049
D1 (MW) 132.157 70.00
D2 (MW) 83.1840 106.8051
Total demand (MW) 215.341 176.8051
Total losses (MW) 2.94081 2.5998
Generation cost ($) 501.814 486.1581
Customers benefit ($) 2266.40 1849.1
Social profit ($) 1764.59 1362.94
CPU Time/iteration (sec) 0.0119 0.0184
Total Gen cost ($) 987.97
Total Customers benefit ($) 4115.50
Total Social profit ($) 3127.54

After the BBDED dispatch, all GENCOs and customers
have respected the power capacity limits. Participant bid
quantities are allocated and dispatched optimally by the ISA
algorithm over the two periods. The period 1 has shown that
for a215.341 MW of customers bid demand. GENCOs submit
218.282 MW. In period 2, the customers' bid demand is
decreased to 176.8051 MW, which made GENCOs reduce its
supply to 179.4049 MW. After the market-clearing, it can be
seen that from period 1 to period 2, generation cost is
decreased with 15.6559 $ (from 501.814 $ to 486.1581 $), and
the customers benefit also decreased with 417.3 $ (from
2266.40 $ to 1849.1 $) which has led to the reduction of social
profit with 401.65 $ (from 1764.59 $ to 1362.94 $). Also, total
system losses are dropped with 0.341 MW when the demand
is decreased.
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In this case, the GENCOs have supplied a 254.0519 MW of
power to customers for the demand of 250 MW in the period
1. For period 2, GENCOs have increased their supply with
274.9583 MW to meet the customers' demand with 270 MW.
After the market-clearing, we have seen that from period 1 to
period 2, social profit is maximized with 112.22 $ (from
5935.7 $ to 6047.92 3$) due to the higher received customers
benefit which is also increased with 168 $ (from 6575 $ to
6743 $). Moreover, total system losses are slightly augmented
with 0.906 MW when the demand is increased.
¢) High bidding strategy

The bid coefficient (aq) is taken as 0.1 $/MWh? for
customer 1 and 0.09 $/Mwh? for customer 2. The bid
coefficient (bgj) and the power demand of customers are taken
as in the previous cases during the two trading periods. The
results obtained under the high bidding strategy are presented
in Table 11.

Table 11. Results of bid-based dispatch for high strategy

Outputs Period 1 Period 2
P1 (MW) 91.8134 112.6966
P2 (MW) 80.00 80.00
Ps (MW) 50.00 50.00
P4 (MW) 10.0822 10.0657
Ps (MW) 10.0441 10.0606
Ps (MW) 12.1182 12.1409
Total generation (MW) 254.0580 274.9640
D1 (MW) 150 70
D2 (MW) 100 200
Total demand (MW) 250 270
Total losses (MW) 4.0580 4.96402
Generation cost ($) 638.99 696.99
Customers benefit ($) 7650 8490
Social profit ($) 7011.01 7793.01
CPU Time/iteration (sec) 0.0164 0.0183
Total Gen cost ($) 1335.98
Total Customers benefit ($) 16140
Total Social profit ($) 14804.02
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Figure 6. Outputs comparison under bidding strategies

In this case, the customers' demand was the same as in the
medium bidding strategy. GENCOs has supplied customers
with 254.0580 MW for period 1 and with 274.9640 MW for
period 2. Table 11 has shown that the generation cost of both
periods remains nearly the same as in the medium bidding
strategy case. The benefit of customers is increased with 840
$ (from 7650 $ to 8490 $), which led to the maximization of
social profit with 782 $ (from 7011.01 $ to 7793.01 $). Total
system losses are dropped with 0.906 MW.

Figure 6 shows the comparison between bidding strategies
after the market-clearing for the two trading periods.

Therefore, it is concluded that in the high bidding strategy,
the customers have received a total benefit with 16140 $ which
is higher compared to medium and low bidding strategies with
2822 $ and 12024.5 $ respectively, which has led the
generating companies to obtain a maximal social profit for the
high strategy with 14804.02 $ which is higher than medium
and low bidding strategies with 2820.58 $ and 11676.66
$ respectively.

The proposed ISA is evaluated by comparison with other
approaches applied to the same power system as PSO, DE, and
symbiotic organisms search (SOS) approaches and presented
in Table 12.

From Table 12 it can be seen that the SOS has achieved a
total social profit of 3199.60 $ which is higher than the
proposed ISA, DE, and PSO approaches with 72.06 $, 88.1 $,
and 1566.8 $ respectively, just in low bidding strategy with an
optimized generation cost of 901.6 $. In medium bidding
strategy, ISA has performed better by achieving a total social
profit of 11983.62 $, which is higher than the SOS, DE, and
PSO approaches with 35 $, 97.12 $, and 1770.62
$ respectively with an optimized generation cost of 1334.37 $.
In the high bidding strategy, ISA has performed better than the
other approaches by achieving a total social profit of 14804.02
$, which is higher than the SOS, DE, and PSO approaches with
33.32 $, 9552 $, and 1027.02 $ respectively, with an
optimized generation cost of 1335.98 $. The received total
customers benefit in low bidding strategy is higher and nearly
equal of all approaches with 4101.5 $ except for the PSO
method, which is 3483.8 $. In medium strategy, the customers'
benefit is equal for DE, SOS, and the proposed ISA with 13318
$ and lower for PSO with 12141 $ and also the same for DE,
SOS, and ISA with 16140 $ and lower for PSO with 15570.5
$ in high strategy. The comparative analysis has shown that
the ISA approach can provide better solutions compared to
other methods.
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Table 12. Results comparison

Bidding Total Total To'gal
Strategy Approach  Gen cost Custo_mers Soglal
$) benefit (§)  profit ($)
PSO [11] 1851.0 3483.8 1632.80
Low DE [11] 989.72 4101.3 3111.50
Bidding SOS [14] 901.6 4101.3 3199.60
ISA 987.97 41155 3127.54
PSO [11] 1928.2 12141 10213.00
Medium DE [11] 14315 13318 11886.50
Bidding SOS [14] 1369.9 13318 11948.00
ISA 1334.37 13318 11983.62
PSO [11] 1793.1 15570.5 13777
High DE [11] 14315 16140 14708.5
Bidding SOS [14] 1369.2 16140 14770.7
ISA 1335.98 16140 14804.02

The convergence curves of 6-unit systems for solving the
BBDED problem using the proposed ISA with three bidding
strategies are shown in Figure 7.

4
16 x10

— Low Bidding
—— Medium Bidding 7
—— High Bidding

Total Social profit ($)

100 150 200 250
No. of Iterations

0 50

300

Figure 7. Total social profit convergence characteristic of 6
unit-system under bidding strategies

5.3 Study case 3

Presumably, the ISA algorithm has provided optimal
solutions in solving the bid-based dispatch by providing
solutions to the dispatched supply and demand power, the
generation costs, the customers' benefits, and the social profits
for the two previous studies cases that include medium power
systems. In this case, the proposed ISA is performed on a
large-scale power system with 40 GENCOs and 11 customers,
to test its feasibility and robustness in solving the BBDED
problem under high bidding strategy. To achieve a better
overall performance of the proposed ISA for a larger system,
the initial temperature, and maximum tries are increased to
30°C and 15000 respectively. For GENCOs, bid price
coefficients, limits of the bid quantities data are taken from
[25]. For the customers, bid data are generated using the high
bidding strategy with the authors' recommendations in ref. [12,
19] and given in Table 13. Total load demand, therefore,
ranges from 10.360 MW to 14.060 MW for 6 periods and
presented in Table 14. Transmission losses have been
neglected because of the unavailability of relevant data for
validation in the literature.



Table 13. Customers bid data

Customers D: D2 D3 D4 Ds Ds D7 Dsg Do D1o D11
agi ($/MWh? 0.1 0.099 0.098 0.097 0.096 0.095 0.094 0.093 0.092 0.091 0.09
bgj ('MWhH) 20 19 18 17 16 15 14 13 12 11 10
Table 14. Load demand for 6 period
. D1 D2 D3 D4 Ds De D7 Ds Do D1o Du
Periods  (mw)  (Mw) (Mw)  (Mw)  (MW)  (MW)  (Mw)  (Mw)  (Mw)  (Mw)  (mwy) TOtRTMW)
1 1300 1000 1200 1100 1060 1100 1000 700 500 800 600 10360
2 1400 1300 1200 900 1000 1000 900 900 800 600 500 10500
3 1040 1300 1200 1400 900 1100 1200 1300 700 900 800 11840
4 1080 1300 1500 1400 900 1100 1200 1400 700 1000 1000 12580
5 1500 1100 1300 1220 1200 1400 1100 1200 1000 1200 1100 13320
6 1700 1800 1560 1200 1600 1500 1000 1000 1000 800 900 14060

2250000 -
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Il Total Customer benefit
Il Total Social profit

2000000
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1500000

1250000 +
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1000000

750000

500000
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Figure 8. Outputs under high bidding strategy
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9.28485E6

9000000

7500000
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6000000 A

)

4500000
3000000 - 2.89369E6

1500000

0+

Total Gen cost Total Customer benefit Total Social profit

Figure 9. Total optimized bid-based

However, increasing initial temperature and maximum tries
has made the convergence process slower but accurate. Figure
8 shows the overall bid-based dispatch results under the high
bidding strategy during the 6-trading periods to evaluate the
performance of the proposed ISA with the variation of demand
bids of customers in a large power system.

It can be seen that the total social profit is maximized when
the demand and customers benefit are increased, and the total
generation cost is minimized over trading periods. In this
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situation, the total social profit is 1043977.95 $ in period 1,
which it is maximized over period 2, 3, 4, with 38553.66 $,
262321.84 $, and 401026.48 $, respectively, due to the higher
received customers benefit in these periods which was
1165175.6 $ for period 1. It has been increased by 40534.4 $,
284964.4 $, and 458224.4 $ for period 2, period 3, and period
4, respectively. But for periods 5 and 6, the total social profit
is decreased with 76251.5 $ and 498353.5 $ due to the
significant increase in generation cost.

Figure 9 shows the total optimized values of all trading
periods. An optimized total generation cost of 2893688.47 $,
a total customer benefit of 9284853.2 $, and a maximum total
social profit of 6391164.68 $ are obtained after the market-
clearing.

The obtained results, in this case, have confirmed the
feasibility of the proposed ISA to provide optimum solutions
in solving the BBDED problem for a larger power system with
the satisfaction of all mentioned constraints above.

6. CONCLUSIONS

In this paper, the BBDED problem is solved using an
improved simulated annealing algorithm. The proposed ISA
has been applied for two medium test systems and a large-
scale power system. In the first part of this study, the proposed
ISA was adopted to model an electricity market, enabling the
customer to choose its generating company and studying the
variation of load demand on trading mechanism. In the second
part, bidding strategies are implemented, allowing generating
companies and customers to select a bidding strategy in a
double-sided electricity market. After analyzing the electricity
market operation, it is proven that it can affect the market
trading where the social profit is maximized when GENCOs
and customers submit bids under a high bidding strategy. The
method was successfully applied to solve the bid-based
dispatch problem by searching and providing optimal
solutions with short computation time for different parameters
such as generation cost, customers benefit, and the calculation
of social profit. The objective of determining and dispatching
the economic generation and demand level of participants is
carried out to achieve a maximum social profit while satisfying
all operating constraints. In the third part, the method was
applied and successfully tested on a large-scale power system
to demonstrate and verify its optimality and robustness by
balancing and dispatching the submitted bids in a larger
electrical system. The numerical analysis and the comparison
to other methods have shown the superiority of the proposed



ISA for providing better results. Future work will involve and
investigate the impact of emission constraints and renewable
energy sources when solving the BBDED problem in a
competitive electricity market.
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