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a b s t r a c t

The utilization of energy efficient CHP (combined heat and power) systems provides opportunities for
GENCOs (generation companies) to simultaneously increase their economic benefits and decrease
environmental emissions. The goals of this study are to develop and simulate a novel approach for
optimal economic dispatch scheduling for a GENCO to maximize economic profit and minimize envi-
ronmental emissions based on integration of CHP systems with conventional TG (thermal power
generating) units, where a DBD (double Benders decomposition) solution approach is proposed for
optimization. The CHP PBUC (profit based unit commitment) problem with non-convex constraints for
integration of CHP units into GENCOs generation portfolio is solved and, the results for several cases
along with sensitivity analyses are reported. The results from DBD approach for optimization are vali-
dated based on comparison with those from gravitational search and imperialistic competitive algo-
rithms as well as other algorithms examined in other studies. When CHP units are integrated with a 10-
TG unit system, results from implementing the proposed DBD approach are extremely encouraging, as
GENCO profit for providing electricity and heat energy is increased by 518.78% and environmental
emissions are reduced by 7.57%, in comparison with case of GENCO using TG units for meeting the same
electricity demand.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

With the increasing concerns over environmental emissions
from fossil fuel based electric power generation, the utilization of
energy efficient CHP (combined heat and power) systems to
simultaneously meet electricity and thermal demands can be
economically rewarding, while assisting with reducing environ-
mental emissions [1]. Proper utilization of CHP systems requires
considerations for a range of technical, economic, and environ-
mental emissions issues for the purposes of (i) optimal system
engineeringwhere the objective is focused on sizing and placement
[2e5] and, (ii) optimal operation planning and scheduling where
interaction with energy markets for both GENCOs (generation
companies) and customers is necessary. For the latter, in the

deregulated electric power markets [6], CHP systems can be uti-
lized by GENCOs for maximizing their economic profits, which is
commonly referred to as PBUC (profit based unit commitment) [7].
However, the multiple demand and joint characteristics of the
power and heat in CHP systems pose an asymmetrical dispatch
scheduling problem, where heat production responds to the ther-
mal energy demand and power production reacts to the volatile
market price [8,9].

While numerous studies have been carried out on CHP systems
scheduling, there are limited studies that focus on maximizing
economic profit and minimizing environmental emissions, simul-
taneously. Eriksen proposed a procedure for complying with
emission quotas for a CHP system by means of shadows prices and
the results of that study showed that CHP systems could play an
effective role in decreasing environmental emissions in power
production industry [9]. For analyzing CHP systems operation in
traditional regulated electric power market, a multi-objective
approach based on evolutionary programming was proposed by
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Ming-Tong Tsay to minimize cost and environmental emission for a
CHP system [10]. In that study, the goal was to develop an optimi-
zation algorithm for solving the hourly convex CHP models and, it
was determined that scheduling of CHP systems with non convex
feasible operation reigns required more efficient approaches. To
address the economic and environmental aspects, Niknam et al.
developed a model to include CHP units in the non-convex, non-
smooth and non-linear economic emission dispatch problem [11].
That study determined that proper modeling of CHP units allowed
the dispatcher to account for the likelihood of these units for more
efficient use of energy resources and, the total operating costs and
emissions of the system could be reduced significantly by utilizing
CHP units. In another study, to determine the relative cost efficiency
of CHP systems, a dynamic regrouping based on sequential dynamic
programming algorithm for the UC (unit commitment) problem in
CHP production planning was proposed by Rong et al. [12].

The review of literature shows that general treatment of ED
(economic dispatch) of CHP units in conjunction with conven-
tional power generation units has been the subject of several
studies and mathematical techniques have been developed to
address PBUC problem for a GENCO with TG (thermal power
generation) units as conventional electricity power plants (TG-
PBUC) [13e18]. However, the participation of GENCOs has been
merely in electricity markets [19e29] and the opportunities for
selling heat as well as ancillary services, simultaneously, through
utilization of CHP integrated with TG units (TG-CHP-PBUC) for
maximization of economic profit and minimization of environ-
mental emissions has not been addressed.

1.1. Contributions

For TG-CHP-PBUC problem, the integration of CHP units with TG
units increases the complexity of the problem and, the non-convex
feasible operation region of a CHP unit must be considered and
dealing with such complexity requires development of sophisti-
cated and versatile methods. While BD (Benders Decomposition)
algorithm has been successfully applied to a number of optimiza-
tion problems in power systems operation and planning
[15,30e33], it is of interest to examine BD algorithm for decom-
position and solving combinatorial optimization of large-scale
mixed integer TG-CHP-PBUC problem, where a GENCO can partic-
ipate in heat and ancillary services markets for maximum economic
profit and minimum environmental emissions.

The goals of this study are to develop and simulate a novel
approach for optimal economic dispatch scheduling for a GENCO to
maximize economic profit and minimize environmental emissions
based on integration of CHP systems with conventional TG units,
where a DBD (double Benders decomposition) approach is pro-
posed for optimization. To achieve the goals and demonstrate the
effects of contributions of this study, a model for TG-CHP-PBUC
problem with considerations for environmental emissions is
developed and three cases are considered, as specified in Table 1.
For Case 1, TG-PBUC problem is solved for a GENCO with TG units
only. For Case 2, CHP units are integrated with TG units and TG-
CHP-PBUC problem is solved. Case 3 is introduced to study the

effect of ancillary services market on TG-CHP-PBUC problem. The
performance of the proposed DBD approach for solving the TG-
CHP-PBUC problem is validated by comparing results from Case 1
to those available in the literature. In addition, two meta-heuristic
optimization algorithms including GSA (gravitational search algo-
rithm) and ICA (imperialist competitive algorithm) are used to
verify the accuracy of DBD approach for all three cases. The sensi-
tivity analyses for DBD approach are conducted based on (a) Pareto
frontier for economic profit versus environmental emissions, (b)
PBUC problem scaling, and (c) spot market price changes.

The remainder of this study is organized as follows. In Section 2,
the TG-CHP-PBUC problem formulation is introduced. The meth-
odology and structure of the DBD approach and its application to
the TG-CHP-PBUC problem are explained in Section 3. The simu-
lation results for Cases 1, 2, and 3 are discussed in Section 4 and,
finally, conclusions and recommendations are provided in Section
5. Tables A1 through A5 in Appendix A provide the data needed for
simulation of optimal economic dispatch scheduling including
forecasted values for electricity and heat demand, electricity mar-
ket prices, TG and CHP units data, and emission coefficients.

2. Problem formulation

The formulation of multi objective functions and constraints for
maximizing economic profit and minimizing environmental
emissions for a GENCO is given in this section.

2.1. Objective functions

2.1.1. Power and heat
In the deregulated electric power market, the objective function

for a GENCO for maximizing economic profit is defined based on
the difference between revenue and total cost, as given by

Maximize PF ¼ RV � TC (1)

where PF is profit ($), RV is revenue ($), and TC is total cost ($).
While a GENCO can sell electric power in both the energy

market and ancillary services market, the heat produced from
utilization of CHP systems is available for selling in the heat market.
In the ancillary services market, the reserve is paid for allocated
power where GENCO receives the reserve price per generator of
reserve for every time period that the reserve is allotted but not
used. When the reserve is used, based on probability “r”, GENCO
receives the spot price for the generated reserve [20].

The revenue for GENCO is calculated according to

RV ¼
XN
i¼1

XT
t¼1

�
Pi;t$SPt

�
$Xi;t þ

XN
i¼1

XT
t¼1

ðð1� rÞ$RPt

þ r$SPtÞ$Ri;t$Xi;t þ
XN
i¼1

XT
t¼1

�
Hi;t$HPt

�
$Xi;t (2)

where Pi,t is electric power output of ith generator unit at tth hour
(MW), SPt is forecasted market price for electricity at time t ($), Xi.t

Table 1
Case specifications based on various units and markets.

Unit Market Environmental emission

TG CHP Heat only Electricity Heat Ancillary services

Case 1 C B B C B B C

Case 2 C C C C C B C

Case 3 C C C C C C C
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is commitment state of ith unit at tth hour, t is the index for timem,
T is the dispatch period in hours, i is the index for generator unit, N
is the total number of generating units, r is probability that the
reserve is called and generated, SPt is forecasted market price for
spinning reserve at time t ($), Ri,t is system spinning reserve at tth
hour (MW/h), Hi,t is heat level of ith generator unit at tth hour
(MW), and HPt is forecasted heat price at time t ($). On the right
hand side of Eq. (2), the first term represents the expected revenue
from power sold by GENCO, the second term signifies the expected
income from reserve and, the last term represents the expected
revenue from the heat sold.

The total operation cost for a GENCO includes fuel costs and
startup and shutdown costs for committed TG units and CHP sys-
tems, as given by

TC ¼ ð1� rÞ
XN
i¼1

XT
t¼1

F
�
Pi;t ;Hi;t

�
$Xit þ r

XN
i¼1

XT
t¼1

F
�
Ri;t

þ Pi;t ;Hi;t
�
Xi;t þ SUi;t þ SDi;t (3)

where F(Pi,t, Hi,t) is fuel consumption function of ith unit at time t ($)
and SUi,t and SDi,t are startup and shutdown costs of thermal unit i
at time t ($), respectively. The SUi,t and SDi,t are determined based
on the following equalities

SUi;t ¼ STi � Xi;t �
�
Xi;t � Xi;t�1

�
i2N; t2T (4)

SDi;t ¼ SHi � Xi;t�1 �
�
Xi;t�1 � Xi;t

�
i2N; t2T (5)

where STi and SHi are startup and shutdown costs of unit i ($),
respectively.

2.1.2. Emission
The emission cost is due to the requirement for GENCOs to

reduce their environmental emission levels below the annual
emission limits considered for the fossil-based units. The objective
function to minimize emission is formulated as

Minimize EF ¼ h�
XN
i¼1

XT
t¼1

E
�
Pi;t

�
(6)

where h is price factor ($/ton) and E(Pi,t) is emissions of ith unit at
time t (ton/h).

The economic profit maximization and environmental emission
minimization, given by Eq. (1) and Eq. (6), respectively, are both in
terms monetary values and, therefore, can be expressed in a com-
bined form as one single objective function given by

Minimize OF ¼ ð1� uÞ � EF � u� PF (7)

where OF is total objective function ($) and u is a weighting factor
that satisfies 0 � u � 1. The boundary values u ¼ 1 and u ¼ 0 give
the conditions for the pure maximization of the profit function and
the pure minimization of the environmental emission, respectively.
Note that the effects of variation in u on economic profit and
environmental emissions is addressed later in Section 4.

2.1.3. TG units
Fuel cost (F(Pi,t)) and emissions (E(Pi,t)) of generator i at time t for

TG units are represented as [28,29]

F
�
Pi;t

� ¼ ai þ bi$Pi;t þ ci$
�
Pi;t

�2 i2N; t2T (8)

E
�
Pi;t

� ¼ ai þ bi$Pi;t þ gi$
�
Pi;t

�2 i2N; t2T (9)

where ai, bi, and ci are cost co-efficients of ith TG unit and ai, bi, and
gi are emission co-efficients of ith unit. Note that it is assumed TG
units are coal-fired with known low operational cost and estimated
emission coefficients, as given in Table A5 [29].

2.1.4. CHP units
The CHP units are assumed to utilize water vapor and gas tur-

bine cycles. It fact, although their operation is different, both are
modeled by means of a feasible operation region designated by
ABCDEF that links the electric power generation and heat produc-
tion, as depicted in Fig. 1, which can be described as a set of linear
inequality constraints [11]

Hi;t þ Pi;t � zi;t i2N; t2T (10)

where zi,t is coefficient of feasible operation region of linear
inequality for CHP unit i at time t. It is observed that, CHP system
operation is restricted by the minimum and maximum fuel injec-
tion and its maximumproduction of heat. A technique for modeling
of different types of CHP units with convex and non-convex feasible
operation reigns is proposed in Ref. [34]. In Fig. 1, according to
Ref. [34], the line between points E and F is the backpressure line
where the consumption rate are good. If more heat is needed, it is
possible to open a reduction valve and let some of high pressure
steam bypass the turbine. This brings the operation towards points
D and Ewith good efficiency. More power can be extracted from the
turbine bymoving into the condensing area, towards point C with a
much higher consumption ratio and consequently lower marginal
efficiency. Finally, if even more electric power needed, it is possible
to move towards point A and B.

The operating costs and emissions of CHP units are expressed by
Ref. [8,11]

F
�
Pi;t

� ¼ ai þ bi$Pi;t þ ci$
�
Pi;t

�2 þ di$Hi;t þ ei$
�
Hi;t

�2
þ fi$Pi;t$Hi;t i2N; t2T (11)
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Fig. 1. Feasible operation region for a CHP unit [15].
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E
�
Pi;t

� ¼ ðai þ biÞ$Pi;t i2N; t2T (12)

where ai, bi, ci, di, ei, and fi are cost co-efficients of ith CHP unit.

2.1.5. Heat only units
The heat-only units are boilers that are used to add flexibility to

CHP units in meeting high heat demands. The cost and emission
functions of heat-only units are given by Ref. [8,11]

F
�
Hi;t

� ¼ ai þ bi$Hi;t þ ci$
�
Hi;t

�2 i2N; t2T (13)

E
�
Hi;t

� ¼ ðai þ biÞ$Hi;t (14)

2.2. Constraints

The TG-CHP-PBUC problem is subject to various constraints, as
discussed next.

2.2.1. Electricity demand and heat balance
The normal electricity demand constraint is modified as softer

electricity demand constraint. In this study, the sum of output
electricity of allocated generating units is assumed always less than
or equal to the forecasted electricity demand based on values
shown in A1 [11,20],

XN
i¼1

Pi;tXi;t � PDt t2T (15)

where PDt is total system power demand at time t (MW) and for
heating, total heating production must meet the total heating de-
mand at time t (HDt).

XN
i¼1

Hi;tXi;t ¼ HDt t2T (16)

2.2.2. Spinning reserve
It is assumed that the reserve generated from the committed

units at period t is less than or equal to the reserve requirement at
period t (RDt) [20],

XN
i¼1

Ri;tXi;t � RDt t2T (17)

2.2.3. Generation limit
In addition to the feasible operation region for CHP units, the

upper and lower limits of the ith TG and heat only units are as
follows [11,20]

Pi min � Pi;t � Pi max (18)

0 � Ri;t � Pi max � Pi min (19)

Hi min � Hi;t � Hi max (20)

where Pi,max is maximum electricity output of ith unit (MW), Pi,min is
minimum electricity output of ith unit (MW) and Hi,max and Hi,min

are maximum and minimum heat output of ith unit (MWth),
respectively.

2.2.4. Minimum up and down times
It is considered that a unit must be on/off for a minimum time

before it can be shut down or restarted, respectively [20].�
tupðiÞ � Tupi

��
Xi;t�1 � Xi;t

� � 0 (21)

�
tdownðiÞ � Tdown

i

��
Xi;t�1 � Xi;t

� � 0 (22)

where tup, Tup, tdown, and Tdown are up-time, minimum up-
time,down-time, andminimum down-time of ith unit, respectively.

It is observed that TG-CHP-PBUC problem has real and binary
variables (Pi,t, Ri,t, Xi,t), non-explicit objective functions (PF and EF)
and various inequality constraints. Due to minimum up and down
time constraints and CHP characteristics, TG-CHP-PBUC problem
becomes combinatorial in nature. In the following section, a DBD
approach for solving the TG-CHP-PBUC problem for maximizing
economic profit and minimizing environmental emissions of
GENCOs is discussed.

3. Double Benders decomposition approach

The TG-CHP-PBUC problem for maximization of economic profit
and minimization of environmental emissions described by Eq. (1)
and Eq. (6), respectively, is subject to constraints identified in Eqs.
(15)e(22). As amixed-integer nonlinear optimization problemwith
a large number of continuous and integer control variables, the TG-
CHP-PBUC problem is non-convex due to CHP feasible operation
region. In this study, DBD approach is used to solve the proposed
TG-CHP-PBUC problem. Benders decomposition is one of the
commonly used decomposition techniques for combinatorial
optimization problems and it can be used to solve large-scale
problems [35]. In general, BD approach decomposes the original
problem into one master problem and several sub-problems. By
solving each sub-problem, a set of dual variables are obtained and
used to generate benders cuts for the master problem.

The procedure to implement the proposed DBD approach for
solving TG-CHP-PBUC problem is shown in Fig. 2, where it is consist
of two BD algorithms, namely the outer BD and the inner BD. For
the outer BD, the master problem determines the on/off state of
each generating unit and the sub-problem solves the ED problem.

For most CHP units, the heat production capacities depend on
the power generation and vice versa, which implies that the pro-
duction of heat and power must be planned in coordination with

Outer master problem 

Inner MP1

Inner SP1

Inner MPT

Inner SPT

Outer sub-problem

Fig. 2. Procedure to implement the proposed DBD approach in this study.
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each other. Therefore, it presents a natural decomposition scheme
for the BD algorithm. In the proposed approach in this study, for
solving the ED problem (outer sub-problem) another BD algorithm
(inner BD) is used. For this BD algorithm, the variables representing
the heat production are solved for in the master problemwhile the
ones representing the power production are kept in the sub-
problem. The flowchart of the proposed DBD approach for solving
of TG-CHP-PBUC problem with consideration for environmental
emission limitation is shown in Fig. 3. The mathematical details of
the proposed approach is discussed next.

3.1. Outer master problem

The objective function of Eq. (7) is decomposed to the objective
functions of the master problem and sub-problem. The master
problem in the proposed solution approach has mixed integer
linear programming model with the following objective function

mM ¼ Min

(XT
t¼1

"XN
i¼1

u$
��
ai$Xi;t

�þ SDi;t þ SUi;t
�þ ht

#)
(23)

where ht denotes the benders cuts obtained from dual variables.
The constraints of the outer master problem include the in-
equalities given by Eqs. (4) and (5) as well as Eqs. (21) and (22).
With the proposed decomposition procedure, the commitment
decision variables (Xi,t) are determined in themainmaster problem,
while the dispatch decision variables, Pi,t and Hi,t, are accounted for
in the main sub-problem.

3.2. Outer sub-problem

In the outer sub-problem, an ED allocates power and heat
generation among committed units based on a BD algorithm. The
ED problem is solved based on hourly time steps as it can lead to
lower execution time, as compared with solving the ED problem for
the entire study period at once. Although solving the ED problem
based on this approach may result in lower values of profit, as
compared with solving the of ED problem as a whole, it has been
found that the difference between the two approaches, if any, is
negligible for most cases [33]. Moreover, without the hourly
decomposition, Benders cuts are generated considering the feasi-
bility status of the whole sub-problem, while the hourly decom-
position allows for generating more accurate Benders cuts
separately considering the feasibility status of each hour [33]. The
details of the hourly BD approach for solving the ED problem for
time step t are discussed next.

3.2.1. Inner sub-problem

Minimize RFðHt ; Pt ;XtÞ
subject to

Xt ¼ XðkÞ
t : lxðkÞt

Ht ¼ HðvÞ
t : lhðvÞt

(24)

where HðvÞ
t represents the value of heat production vector at vth

iteration of inner BD, XðkÞ
t is the value of units status vector at kth

iteration of outer BD and l is prefix indicating dual variables. The
additional constraints of the inner sub-problem include the power
demand inequality (Eq. (15)), minimum spinning reserve constraint
(Eq. (17)), and power generation limits (Eqs. (18) and (19)). The
output of this sub-problem determines the values of PðvÞt and the
dual variable vector associated with those constraints that fix the
complicating variables, H. The values of the dual variables, also

called shadow prices, show the sensitivity of the objective function
optimal value to changes in the constraints.

3.2.2. Inner master problem
The objective function of the original CHP-ED problem solely as

a function of the complicating variables (H) for time step t is given
by

Minimize mMM;t (25)

subject to

mMM;t � RF
�
PðsÞt ;HðsÞ

t ;XðkÞ
t

�
þ
XN
i¼1

lhðsÞi;t

�
Hi;t � HðsÞ

i;t

�
(26)

where s indicates iteration with the highest value of normal
Benders cut. The additional constraints of the innermaster problem
include the heat demand balance (Eq. (16)), and heat generation
limits (Eq. (19)).

Generally, for each iteration, Benders cut is added to the master
problem [15,30,35]. If a sub-problem becomes feasible, the
following Benders cut, called normal Benders cut will be added to
the master problem in the next iteration,

mMM;t � RF
�
PðvÞt ;HðvÞ

t ;XðkÞ
t

�
þ
XN
i¼1

lhðvÞi;t

�
Hi;t � HðvÞ

i;t

�
(27)

However, in this study, strong Benders cut is used which can
enhance the convergence of the BD approach [30,33]. As a result, in
Eq. (26), the superscript s indicates iterationwith the highest value
in right hand side of Eq. (27) among all previous iterations inwhich
the sub-problem has become feasible.

If a sub-problem becomes infeasible, the strong Benders cut is
added to the master problem of the next iteration as well, however,
despite of the previous case (feasible sub-problem), comparison
among iterations does not include the current iteration. Solving
CHP-ED problem for each hour provides Benders cuts (ht) for outer
master problem,

ht � RF
�
PðvÞt ;HðvÞ

t ;XðkÞ
t

�
þ
XN
i¼1

lxðkÞi;t

�
Xi;t � XðkÞ

i;t

�
(28)

3.3. Validation

To validate the performance of the proposed DBD approach, the
results of Case 1 of this study is compared with those from algo-
rithms examined in other studies, as discussed later. In addition,
two meta-heuristic optimization algorithms including GSA and ICA
are applied to TG-CHP-PBUC problem to verify the accuracy of DBD
approach for all three cases. It is noted that the optimization vari-
ables include the state of units (Xi.t), electricity generation output
(Pi,t), and heat generation output (Hi,t) of units.

3.3.1. Gravitational search algorithm
The GSA is a population-based meta-heuristic method inspired

by the Newtonian physical law of gravitation andmass interactions,
where the solutions of optimization problem are expressed as
agents and their performances are measured by their masses. All
agents attract each other due to the gravity force, which leads to the
movement of all agents towards the heavier agents. Then, accord-
ing to the law of motion, agents with heavier mass move slowly,
while the lighter agents move at greater speeds. In such a way, all
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Start

Initialize parameters of outer BD
κ = 1, LB = −∞, UB =∞

Solve the outer master problem

For each time interval 't'

Initialize parameters of inner BD
v = 1, MBdown = −∞, MBup =∞

Solve inner sub-problem

Convergence 
check of inner BD

Solve inner master problem

Solve inner sub-problem

Convergence check 
of outer BD

End

No

Yes

No

Yes

Yes

Inner 
BD 

t ≥ T

Fig. 3. Flowchart of the proposed DBD approach in this study.

H.R. Sadeghian, M.M. Ardehali / Energy 102 (2016) 10e23 15

Downloaded from http://paperhub.ir

                             6 / 14

http://paperhub.ir
http://tarjomano.com
http://www.tarjomehrooz.com/


 

agents converge to the heaviest agent, which is identified as the
optimal solution of the problem [36].

To apply GSA to TG-CHP-PBUC, several simulation runs have
been performed and the following parametric values are used for
the optimization. The number of agents in population space, initial
gravitational constant G0, and decay rate of gravitational constant
are 40, 220, 10, respectively, and, the maximal iterative generations
is set at 500.

3.3.2. Imperialist competitive algorithm
The ICA is a population based optimization method based on

imperialistic competition between countries. The algorithm starts
with initial population of countries and based on a fitness function
value, some countries are chosen as empires and the remaining
countries as colonies are divided among them. The power of an
empire has a relationship with its fitness value or profit for the TG-
CHP-PBUC problem and it is the summation of the empire power
and themean percentage of those of colonies. Then, in each step, an
empire with the least power collapses and more powerful empires
continue until one emperor remains in the world and other coun-
tries become its colonies [37].

The parametric values for application of ICA include the total
number of countries (Npop), total number of empires (Nimp), weight
(a) and, maximum number of iterations (Nmax). To determine the
appropriate values of these parameters, several simulation runs are
conducted and the finalized values are Npop ¼ 50, Nimp ¼ 4, a ¼ 0.6,
and Nmax ¼ 500 to achieve a good balance between computational
time and efficiency.

4. Simulation results

To examine the effects of TG-CHP-PBUC on maximization of
profit and minimization of environmental emissions, three cases
are considered in this study (Table 1). For Case 1, the GENCO owns
only TG units participating in electricity market, as adopted by
Refs. [22,24,26]. The TG-PBUC problem is solved for Case 1 to
examine (a) maximization of economic profit only (u ¼ 1) and (b)

maximization of economic profit and minimization of environ-
mental emission (u ¼ 0.5). Note that, while not considering spin-
ning reserve, Case 1 is defined for validation purposes of DBD
approach and results are compared with those reported in the
literature base on other methods. For Case 2 and Case 3, the GENCO
owns both TG and CHP units. For all three cases, however, the
GENCOs have the same power production potential in the elec-
tricity market. For Case 2, in addition to electricity market, the
GENCO has the ability to participate in the heat market. In Case 3,
the effects of ancillary services market on TG-CHP-PBUC problem
are investigated, where the spinning reserve is calculated for the
actual forecasted price and, the TG-CHP-PBUC problem with
consideration for environmental emission is solved. To demon-
strate the scalability of the proposed approach and sensitivity of
outputs to scale of GENCOs, for all three cases, the 10-TG unit sys-
tem is scaled up and the problems are solved for large number of
GENCOs. To verify the accuracy of DBD approach, as noted earlier,
the performances of proposed DBD approach utilized for all three
cases are compared with those of GSA and ICA.

The simulation source codes for all three cases are developed in
MATLAB environment and executed on a Pentium P4, Core 2 Duo
2.4 GHz personal computer with 1 GB RAM memory.

The generating units and demand data are based on
Refs. [13,20,29]. The forecasted values for electricity and heat de-
mand, electricity market prices, TG and CHP units data and emis-
sion coefficients for 10-TG units and CHP units are given in
Appendix A (Tables A1eA5). With the exception of the value of ‘r’
set at 0.005 for Case 3, the values for other parameters are the same
for all three cases. Based on the forecasted demand and forecasted
market price data, the PBUC problem is used to determine the
optimal dispatch schedule for a 24-hr time horizon.

4.1. Case 1: PBUC problem for TG units

For market participation, GENCOs have to make a self-
commitment schedule according to the forecasted demand and
price. For Case 1, the optimal dispatch schedule of 10-TG unit

Table 2
Case 1: dispatch schedule for a 10-TG unit system based on proposed DBD approach (r ¼ 0, u ¼ 1).

Hr Electric power (MW) Monetary value ($)

Demand TG units

Required Committed U1 U2 U3 U4 U5 U6 U7 U8 U9 U10 Fuel cost Startup cost Total cost Revenue Profit

1 700 700 455 245 0 0 0 0 0 0 0 0 13,683 0 13,683 15,505 1822
2 750 750 455 295 0 0 0 0 0 0 0 0 14,554 0 14,554 16,500 1946
3 850 850 455 395 0 0 0 0 0 0 0 0 16,302 0 16,302 19,635 3333
4 950 910 455 455 0 0 0 0 0 0 0 0 17,353 0 17,353 20,612 3259
5 1000 910 455 455 0 0 0 0 0 0 0 0 17,353 0 17,353 21,158 3805
6 1100 1040 455 455 0 130 0 0 0 0 0 0 20,214 1120 21,334 23,868 2534
7 1150 1040 455 455 0 130 0 0 0 0 0 0 20,214 0 20,214 23,400 3186
8 1200 1040 455 455 0 130 0 0 0 0 0 0 20,214 0 20,214 23,036 2822
9 1300 1170 455 455 130 130 0 0 0 0 0 0 23,106 1100 24,206 26,676 2470
10 1400 1400 455 455 130 130 162 68 0 0 0 0 28,768 2140 30,908 41,090 10,182
11 1450 1412 455 455 130 130 162 80 0 0 0 0 29,048 0 29,048 42,572 13,524
12 1500 1412 455 455 130 130 162 80 0 0 0 0 29,048 0 29,048 44,690 15,642
13 1400 1332 455 455 130 130 162 0 0 0 0 0 26,852 0 26,852 32,767 5915
14 1300 1300 455 455 100 130 160 0 0 0 0 0 26,298 0 26,298 31,850 5552
15 1200 1200 455 455 0 130 160 0 0 0 0 0 23,918 0 23,918 27,000 3082
16 1050 1040 455 455 0 130 0 0 0 0 0 0 20,214 0 20,214 23,192 2978
17 1000 1000 455 455 0 90 0 0 0 0 0 0 19,535 0 19,535 22,250 2715
18 1100 1040 455 455 0 130 0 0 0 0 0 0 20,214 0 20,214 22,932 2718
19 1200 1040 455 455 0 130 0 0 0 0 0 0 20,214 0 20,214 23,088 2874
20 1400 1040 455 455 0 130 0 0 0 0 0 0 20,214 0 20,214 23,556 3342
21 1300 1040 455 455 0 130 0 0 0 0 0 0 20,214 0 20,214 24,024 3810
22 1100 1040 455 455 0 130 0 0 0 0 0 0 20,214 0 20,214 23,868 3654
23 900 900 455 445 0 0 0 0 0 0 0 0 17,178 0 17,178 20,475 3297
24 800 800 455 345 0 0 0 0 0 0 0 0 15,427 0 15,427 18,040 2613
Total 500,349 4360 504,709 611,784 107,075
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system for maximum economic profit (u ¼ 1) is given in Table 2,
where it is found that, U1 and U2 units are committed for 24 h,
while U3, U4, U5, and U6 units are only committed for a few hours.
Due to generation of negative profit for every hour, U7, U8, U9 and
U10 Units are removed from the dispatch schedule and, the profit is
determined as $107075 (Table 2) and, it is noted that the power
generation of units for each time step meets the minimum up/
down constraints and generation limits. To demonstrate the su-
periority of the proposed DBD approach for optimization in this
study, the results of Case 1 for u ¼ 1.0 are compared with those
from TE-RP (Tabu search random-perturbation), TE-IRP (Tabu
search improved random-perturbation), Muller method, ACO (ant
colony optimization), DMU (deterministic mathematical proce-
dure), IPPD (improved pre-prepared power demand), NACO (nodal
ant colony optimization), VTS-PEPSO (variable neighborhood Tabu
search parallel enhanced particle), PABC (parallel artificial bee
colony), and PNACO (parallel nodal ant colony optimization) algo-
rithms available in the literature, as shown in Table 3. The duality

gap (ε) and convergence of the proposed outer BD is shown in
Fig. 4(a), where the duality gap rapidly decreases to optimal profit
value of $107075 after six iterations. The results from application of
GSA and ICA for Case 1 are depicted in Fig. 4(b), which confirm the
validity of DBD approach proposed in this study. It is found that the
improvements achieved by DBD approach are 1.5 and 1%, as
comparedwith those fromGSA and ICA, respectively (Table 3), after
200 iterations. To examine the effects of weighting factor in Eq. (1)
for establishing a single objective function and sensitivity of
objective functions to weighting factor, the results for considering
both economic profit and environmental emission for Case 1 are
shown in Fig. 5, where u ¼ 0.5 could be interpreted as the equal
weight point for 0 � u � 1. It is noted that, based on equal weight
considerations, the optimal economic profit and environmental
emission for Case 1 are determined as $106,521.35 and 26,251.92
ton/day, respectively. In addition, for DBD approach for TG-PBUC
problem, the sensitivity analysis of objective functions optimal
values in terms of Pareto frontier for environmental emissions
versus profit for Case 1 is presented in Fig. 6. It is observed that
there is minimal change in emission rates for greater increase in
economic profit up to $106 � 103, however, the emission rates
experience higher increase when profit approaches $107 � 103.

Next, by duplicating the 10-TG unit system of the Case 1, the
sensitivity of the performance of DBD approach to scaling up of TG-
PBUC problem for GENCOs owning 50, 100, 500, and 1000 TG units
is examined, where without changes in price, the electricity de-
mand has increased according to GENCOs scale. The results of GSA,
ICA, and DBD approaches for total cost, profit, and emission for TG-
PBUC scaled-up problem with 100% priority for economic profit
(u ¼ 1) are shown in Table 4 and, the comparison of simulation
execution times are depicted in Fig. 7. The findings shown in Table 4
and Fig. 7 confirm the more desirable performance of the proposed

Table 3
Case 1: comparison of TG-PBUC problem solution for 10-TG unit system based on
various algorithms (u ¼ 1.0).

Method Profit ($) Improvement (%)

TS-RP [42] 101086.00 þ5.92
TS-IRP [42] 103261.00 þ3.69
Muller method [43] 103296.00 þ3.65
ACO [25] 103890.00 þ3.06
DMP [21] 104329.00 þ2.63
IPPD [22] 105164.00 þ1.81
ICA (this study) 105489.61 þ1.50
NACO [25] 105549.00 þ1.44
VTS-PEPSO [44] 105873.80 þ1.13
PABC [24] 105878.00 þ1.13
PNACO [26] 105942.00 þ1.06
GSA (this study) 106018.21 þ1.00
Proposed DBD approach (this study) 107075.00 e

Fig. 4. Case 1: convergence of profit for (a) proposed DBD approach with decreasing
duality gap and (b) GSA and ICA.
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DBD approach. In addition, Table 5 shows the results of GSA, ICA,
and DBD approaches for considering both economic profit and
environmental emission on equal weight basis (u ¼ 0.5). It is found
that DBD approach has resulted in lower environmental emissions
and higher profit, as compared with those for GSA and ICA.

4.2. Case 2: PBUC problem for CHP and TG units

For Case 2, the 10-TG unit system of Case 1 is modified to include
eight TG units, two CHP units (U5* and U6*) and one heat-only unit,
with no consideration for participation in ancillary services market
(r¼ 0). For this case, the utilization of CHP units enables the GENCO
to achieve higher efficiency while reducing emitted environmental

Table 4
Case 1: results for TG-PBUC scaled-up problem with DBD approach (u ¼ 1.0).

No. of TG units Monetary value ($)

Total cost Revenue Profit

GSA ICA DBD GSA ICA DBD GSA ICA DBD

10 499,726 497,238 504,709 605,744 602,728 611,784 106,018 105,490 107,075
50 2,503,627 2,491,162 2,528,592 3,034,777 3,019,667 3,065,038 531,150 528,505 536,446
100 5,009,758 4,984,816 5,059,713 6,072,590 6,042,354 6,133,141 1,062,832 1,057,538 1,073,428
500 25,098,888 24,973,928 25,298,564 30,423,674 30,272,195 30,665,704 5,324,786 5,298,267 5,367,140
1000 50,599,658 50,372,412 50,624,458 61,334,474 61,059,017 61,364,551 10,734,816 10,686,604 10,740,093
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Fig. 7. Case 1: comparison of execution times for TG-PBUC scaled-up problem.

Table 5
Case 1: results for TG-PBUC scaled-up problem based on proposed DBD approach (u ¼ 0.5).

No. of units (TG-CHP þ heat only) Monetary value ($)

Total cost Profit Emission (ton/day)

GSA ICA DBD GSA ICA DBD GSA ICA DBD

(10 þ 1) 470,529 465,586 476,709 105,769 105,182 106,521 26,510 26,867 26,252
(50 þ 5) 2,362,526 2,337,242 2,388,313 530,960 527,488 533,672 132,762 134,604 131,522
(100 þ 10) 4,709,925 4,683,024 4,800,509 1,063,861 1,052,988 1,072,681 266,321 270,015 264,359
(500 þ 50) 23,637,346 23,501,755 24,045,748 5,338,986 5,267,044 5,373,057 1,333,468 1,351,965 1,324,177
(1000 þ 100) 47,505,047 46,917,660 48,355,998 10,658,469 10,546,373 10,805,218 2,680,137 2,730,969 2,662,919
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emission and selling heat in the heat market, which are anticipated
to lead to a higher economic profit. Note that for Case 2, to have the
same electricity generation potential in the electricity market, the
two CHP units serve as replacements for the 5th and 6th TG units in
Case 1 and their feasible operation regions are illustrated in Fig. 8.
For Case 2, heating price and emission price factor are fixed at 74
$/MWth [38] and 26.6 $/ton [39], respectively. It is found that the
results for different weighting factors (not shown) are similar to
those of Case 1 and u ¼ 0.5 holds as the equal weight point. The
optimal dispatch schedule for Case 2 is given in Table 6, where GSA,

ICA, and DBD approach have resulted in profits of 648,341.4,
640,838.2, and $652,458.1, respectively. Table 7 shows the com-
parison of results for optimal dispatch scheduling based on tradi-
tional UC [29], TG-PBUC with emission limitation using shuffled
frog leaping algorithm (SFLA) [29], and GSA, ICA, and DBD approach
of this study for TG-CHP-PBUC problem. For TG-PBUC problem, the
results show improvement of 1.02% in economic profit and a
decrease of 1.37% per day in environmental emission by using DBD
approach in comparison with SFLA approach of Ref. [29] where TG
units are used. By solving TG-CHP-PBUC problem, when CHP units

Table 6
Case 2: optimal dispatch schedule with (8) TG units and (2) CHP units based on proposed DBD approach (r ¼ 0, u ¼ 0.5).

Hr Electric power (MW) Heat (MWth) Monetary value ($) Emission (ton/hr)

U1 U2 U3 U4 U5* U6* U7 U8 U9 U10 U5* U6* Heat only unit Fuel cost Total cost Revenue Profit

1 455 123 0 0 81 40 0 0 0 0 105 75 219 24,838 24,838 45,009 20,171 573
2 455 180 0 0 81 40 0 0 0 0 105 75 206 25,591 25,591 45,196 19,605 613
3 455 273 0 0 82 40 0 0 0 0 104 75 238 27,858 27,858 50,493 22,635 722
4 455 374 0 0 81 40 0 0 0 0 105 75 279 30,465 30,465 55,484 25,019 901
5 455 424 0 0 82 40 0 0 0 0 104 75 287 31,573 31,573 57,757 26,184 1013
6 455 455 0 0 81 40 0 0 0 0 105 75 298 32,338 32,338 59,033 26,695 1091
7 455 455 0 119 82 40 0 0 0 0 104 75 304 35,206 36,326 61,640 25,313 1145
8 455 455 0 130 82 40 0 0 0 0 104 75 311 35,571 35,571 61,998 26,427 1154
9 455 455 130 130 81 40 0 0 0 0 105 75 320 38,652 39,752 66,435 26,683 1217
10 455 455 130 130 81 40 0 0 0 0 105 75 322 38,704 38,704 75,039 36,334 1217
11 455 455 130 130 81 55 0 0 0 0 105 88 313 39,154 39,154 76,820 37,666 1217
12 455 455 130 130 81 55 0 0 0 0 105 88 318 39,284 39,284 79,149 39,865 1217
13 455 455 130 130 81 44 0 0 0 0 105 79 318 38,781 38,781 69,005 30,224 1217
14 455 455 100 130 81 44 0 0 0 0 105 78 314 38,160 38,160 67,771 29,611 1194
15 455 455 0 130 81 40 0 0 0 0 105 75 310 35,500 35,500 62,383 26,882 1154
16 455 455 0 0 81 40 0 0 0 0 105 75 291 32,167 32,167 57,845 25,678 1091
17 455 415 0 0 81 40 0 0 0 0 105 75 288 31,394 31,394 56,682 25,288 992
18 455 455 0 0 82 40 0 0 0 0 104 75 299 32,408 32,408 58,128 25,720 1091
19 455 455 0 0 82 40 0 0 0 0 104 75 311 32,710 32,710 59,170 26,460 1091
20 455 455 0 0 81 40 0 0 0 0 105 75 326 33,058 33,058 60,796 27,738 1091
21 455 455 0 0 82 40 0 0 0 0 104 75 317 32,866 32,866 60,543 27,678 1091
22 455 455 0 0 81 40 0 0 0 0 105 75 297 32,314 32,314 58,959 26,646 1091
23 455 300 0 0 81 40 0 0 0 0 105 75 278 29,149 29,149 53,821 24,672 764
24 455 220 0 0 81 40 0 0 0 0 105 75 262 27,394 27,394 50,658 23,263 653
Total 795,135 797,355 1,449,813 652,458 24,600

* U5* and U6* represent CHP units as replacements for U5 and U6 TG units.

Table 7
Case 2: comparison of results for optimal dispatch scheduling based on various problem formulation and optimization algorithms.

Problem formulation and optimization algorithm Weighting factor Profit Emission

$/day Improvement (%) ton/day Improvement (%)

Traditional UC [29] e 81365.65 701.88 28244.15 þ12.90
TG-PBUC using SFLA [29] e 105442.44 518.78 26617.56 þ7.57
TG-PBUC using DBD 1.0 107075.00 509.34 26831.71 þ8.31
TG-PBUC using ICA 0.5 105182.18 520.31 26867.10 þ8.43
TG-PBUC using GSA 0.5 105769.27 516.86 26510.00 þ7.20
TG-PBUC using DBD 0.5 106521.35 512.51 26251.92 þ6.29
TG-CHP-PBUC using ICA 0.5 640838.30 1.81 25135.48 þ2.12
TG-CHP-PBUC using GSA 0.5 648341.40 0.63 24853.86 þ1.03
TG-CHP-PBUC using DBD 0.5 652458.12 e 24600.35 e

Table 8
Case 2: results for TG-CHP-PBUC scaled-up problem based on DBD approach.

No. of units (TG-CHP þ heat only) Monetary value ($) Emission (ton/day)

Total cost Profit

GSA ICA DBD GSA ICA DBD GSA ICA DBD

(10 þ 1) 792,323 783,154 797,355 648,341 640,838 652,458 24,853 25,135 24,600
(50 þ 5) 3,969,538 3,923,602 3,994,749 3,248,190 3,210,600 3,268,815 124,518 125,929 123,246
(100 þ 10) 7,943,046 7,851,127 7,993,492 6,499,629 6,424,410 6,540,898 249,160 251,983 246,615
(500 þ 50) 39,794,660 39,334,145 39,967,459 32,563,141 32,186,296 32,704,490 1,248,293 1,262,437 1,233,076
(1000 þ 100) 79,938,915 79,336,970 80,265,830 65,412,250 64,919,759 65,679,856 2,517,806 2,546,335 2,466,276
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are integrated with 10-TG unit system, the economic profit is
increased by 518.78% and environmental emissions are reduced by
7.57% in comparison with the case of GENCO using TG units for
meeting electricity demand. It is worthwhile to note that, the
remarkable difference between the results of TG-CHP-PBUC and
TG-PBUC simply demonstrates the positive impact of integrating
CHP systems on CENCOs operation regardless of the optimization
algorithm used. In fact, the integration of CHP systems with con-
ventional TG units provides an opportunity for GENCO to partici-
pate in heat market in addition to electricity and ancillary services
markets for higher economic profit due to selling heat at consid-
erable price and demand at lower environmental emissions.

The sensitivity of the performance of DBD approach to scaling
up the TG-CHP-PBUC problem in terms of total cost, profit, and
emission is shown in Table 8, were the results from application of
GSA and ICA are also given. The comparison of simulation execution
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Fig. 9. Case 2: comparison of simulation execution times for TG-CHP-PBUC scaled-up
problem.

Table 9
Case 3: optimal dispatch scheduling for 10-TG-CHP unit system (r ¼ 0.005, RPt ¼ 0.01SPt, u ¼ 0.5).

Hr Electric power (MW) Heat (MWth) Monetary value ($) Emission (ton/hr)

Reserve (MW)

U1 U2 U3 U4 U5 U6 U7 U8 U9 U10 U5 U6 Heat only Fuel cost Total cost Revenue Profit

1 455 123 0 0 81 40 0 0 0 0 105 75 219 24,845 24,845 45,031 20,186 573
0 63 0 0 7 0 0 0 0 0

2 455 180 0 0 81 40 0 0 0 0 105 75 206 25,598 25,598 45,220 19,622 613
0 70 0 0 5 0 0 0 0 0

3 455 273 0 0 82 40 0 0 0 0 104 75 238 27,866 27,866 50,518 22,653 722
0 70 0 0 4 1 0 0 0 0

4 455 374 0 0 81 40 0 0 0 0 105 75 279 30,476 30,476 55,515 25,039 901
0 81 0 0 14 0 0 0 0 0

5 455 424 0 0 82 40 0 0 0 0 104 75 287 31,597 31,597 57,791 26,194 1013
0 31 0 0 65 4 0 0 0 0

6 455 455 0 0 81 40 0 0 0 0 105 75 298 32,371 32,371 59,070 26,699 1091
0 0 0 0 82 28 0 0 0 0

7 455 455 0 119 82 40 0 0 0 0 104 75 304 35,239 36,359 61,674 25,315 1145
0 0 0 11 90 14 0 0 0 0

8 455 455 0 130 82 40 0 0 0 0 104 75 311 35,608 35,608 62,037 26,429 1154
0 0 0 0 98 22 0 0 0 0

9 455 455 130 130 81 40 0 0 0 0 105 75 320 38,691 39,791 66,478 26,687 1217
0 0 0 0 100 30 0 0 0 0

10 455 455 130 130 81 40 0 0 0 0 105 75 322 38,735 38,735 75,082 36,347 1217
0 0 0 0 83 19 0 0 0 0

11 455 455 130 130 81 55 0 0 0 0 105 88 313 39,196 39,196 76,878 37,683 1217
0 0 0 0 108 25 0 0 0 0

12 455 455 130 130 81 55 0 0 0 0 105 88 318 39,328 39,328 79,214 39,886 1217
0 0 0 0 110 32 0 0 0 0

13 455 455 130 130 81 44 0 0 0 0 105 79 318 38,820 38,820 69,050 30,230 1217
0 0 0 0 100 26 0 0 0 0

14 455 455 100 130 81 44 0 0 0 0 105 78 314 38,189 38,189 67,817 29,627 1194
0 0 47 0 73 10 0 0 0 0

15 455 455 0 130 81 40 0 0 0 0 105 75 310 35,540 35,540 62,425 26,885 1154
0 0 0 0 101 29 0 0 0 0

16 455 455 0 0 81 40 0 0 0 0 105 75 291 32,200 32,200 57,879 25,679 1091
0 0 0 0 90 15 0 0 0 0

17 455 415 0 0 81 40 0 0 0 0 105 75 288 31,418 31,418 56,714 25,296 992
0 30 0 0 61 9 0 0 0 0

18 455 455 0 0 82 40 0 0 0 0 104 75 299 32,443 32,443 58,163 25,720 1091
0 0 0 0 98 12 0 0 0 0

19 455 455 0 0 82 40 0 0 0 0 104 75 311 32,747 32,747 59,209 26,462 1091
0 0 0 0 94 26 0 0 0 0

20 455 455 0 0 81 40 0 0 0 0 105 75 326 33,105 33,105 60,844 27,740 1091
0 0 0 0 117 29 0 0 0 0

21 455 455 0 0 82 40 0 0 0 0 104 75 317 32,906 32,906 60,587 27,681 1091
0 0 0 0 104 26 0 0 0 0

22 455 455 0 0 81 40 0 0 0 0 105 75 297 32,349 32,349 58,996 26,647 1091
0 0 0 0 99 11 0 0 0 0

23 455 300 0 0 81 40 0 0 0 0 105 75 278 29,158 29,158 53,851 24,693 764
0 84 0 0 6 0 0 0 0 0

24 455 220 0 0 81 40 0 0 0 0 105 75 262 27,401 27,401 50,684 23,283 653
0 80 0 0 0 0 0 0 0 0

Total 795,827 798,047 1,450,729 652,682 24,600
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times are depicted in Fig. 9. The findings shown in Table 8 and Fig. 9
confirm the efficient performance of the proposed DBD approach.

4.3. Case 3: PBUC problem for TG and CHP units with participation
in ancillary services market

For Case 3, it is assumed that the GENCO can participate in the
ancillary services market, in addition to electricity and heat mar-
kets. Due to the competitive and deregulated structure of electricity
market, the GENCOs can choose to sell electric power and reserve
based on the forecasted levels, if TG-CHP-PBUC system results in a
higher profit. In this case, GENCO receives the reserve price per unit
of reserve for every time step that the reserve is allocated and not
used. When the reserve is used, GENCO receives the spot price for
the generated reserve. In fact, the electric power is sold to the
ancillary services market, when GENCOs have an excess power in
their profitable schedule. The results for simulation of Case 3 are
shown in Table 9. It is important to note that since the CHP units
operate at their minimum electric power production point and
some excess electric power may still be available, they could
participate in the ancillary services market actively (Table 9). The
profits obtained by GENCO based on GSA, ICA, and proposed DBD
approach are 648,879.3, 641,081.2, and $652,682.8, respectively. By
comparing the results of Case 3 and 2, it is found that, the profit
results of Case 3 are close to those obtained from Case 2. To explain
these differences, two important features of ancillary services
market should be considered. First, in this study, for ancillary ser-
vices market, spinning reserve is considered as 10% of total elec-
tricity demand [20,24e29], whereas, total forecasted demands for
heat and electricity in comparison with spinning reserve shown in
Table A1 are different. Second, in this study, for reserve payment
“payment for allocated reserve” policy is used in which reserve is
paid for allocated power where GENCO receives the reserve price
per generator of reserve for every time period that the reserve is
allotted but not used. In this method, reserve price is much lower

than the electricity spot price [20]. It is noted that, in this study, the
reserve price is fixed at 0.01 times electricity spot price. The noted
two features result in less profit derived from ancillary services
market as compare with electricity and heat markets. In Fig. 6,
Pareto frontier displays the sensitivity of changes in objective
optimal values for economic profit and environmental emissions
for Case 2 and 3, where similar trends as that of Case 1 are observed.
It is found that the optimal values for economic profit and envi-
ronmental emissions experience considerable increases beyond
$652 � 103 for economic profit. The convergence process and
duality gap along the iterations of the proposed outer BD are pre-
sented in Table 10.

A sensitivity analysis for studying the impact of each market
type on the objective functions in terms of how an increase in spot
prices in each market affects the profit and environmental emis-
sions is conducted, where spot prices are increased by $1 [40,41]
and, the results on GENCOs economic profit and environmental
emission are shown in Table 11. According to Table 11, for profit,
electricity market has the highest impact, as the increase in spot
prices of electricity market results in more profit. Although
increasing electricity market prices induces higher environmental
emissions, the increase in heat market prices reduces environ-
mental emissions. The results for sensitivity of DBD approach for
TG-CHP-PBUC problem in terms of scaling for Case 3 and the results
of GSA, ICA, and DBD approach for total cost, profit, and emission
are presented in Table 12.

5. Conclusions and recommendations

In this study, a novel approach for optimal dispatch scheduling
for simultaneous maximization of economic profit and minimiza-
tion of environmental emission for integration of CHP units with TG
units for a GENCO participating in a deregulated electric power
market based on BD is presented. The DBD approach offers sub-
stantial performance improvement in terms of solution quality,

Table 10
Case 3: evolution of proposed DBD approach.

Iteration 1 2 3 4 5 6 7

UB 1,697,428 1,495,244 1,433,989 811,495 788,035 702,450 652,682
LB 7701 100,288 421,738 512,131 621,218 646,953 649,682
Duality gapa (%) 219 14 2.5 0.58 0.26 0.085 0.007

a jUB�LBj
jLBj � ε (UB: upper bound, LB: lower bound).

Table 11
Case 3: results for impact of increase in spot prices for each market on objective functions based on DBD approach.

Variation in spot prices (þ1$) Profit ($) Improvement (%) Emissions (ton/day) Improvement (%)

Electricity market 678,087 þ3.89 24,710 �0.44
Heat market 664,054 þ1.74 24,562 þ0.15
Ancillary services market 655,196 þ0.38 24,600 0.00

Table 12
Case 3: results for TG-CHP-PBUC scaled-up problem based on proposed DBD approach.

No. of units (TG-CHP þ heat only) Monetary value ($) Emission (ton/day)

Total cost Profit

GSA ICA DBD GSA ICA DBD GSA ICA DBD

(10 þ 1) 792,709 783,182 797,355 648,879 641,081 652,682 24,855 25,136 24,600
(50 þ 5) 3,971,472 3,923,742 3,994,749 3,250,884 3,211,816 3,289,280 124,524 125,931 124,048
(100 þ 10) 7,946,916 7,851,407 7,993,492 6,505,018 6,426,843 6,581,850 249,172 251,989 248,219
(500 þ 50) 39,814,047 39,335,551 39,967,459 32,590,143 32,198,486 32,909,251 1,248,350 1,262,463 1,241,096
(1000 þ 100) 80,304,934 79,339,806 79,938,915 65,734,317 64,944,345 65,821,792 2,517,922 2,546,388 2,482,317
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convergence, and execution time for solving the optimal dispatch
scheduling for TG-CHP-PBUC with non-convex constraints of CHP
feasible operation region. To validate the performance of the pro-
posed DBD approach, two evolutionary heuristic optimization al-
gorithms including GSA and ICA are used, in addition to algorithms
examined in the literature. Three cases are considered to demon-
strate (a) the positive impacts of integration of CHP with TG units,
(b) the effectiveness of the proposed DBD approach for simulta-
neous maximization of economic profit and minimization of envi-
ronmental emissions for TG-CHP-PBUC problem, and (c) the
influence of ancillary services market on the CHP units operation.

The results confirm the novelty and validity of the proposed
DBD approach for utilization and integration of CHP units for
GENCO higher economic profit and lower environmental emission,
as compared with other algorithms and GENCO owning only TG
units. It is also found that DBD approach results in a more desirable
performance for scaled-up problems and participation in the
ancillary services market, as compared with other optimization
algorithms including meta-heuristic GSA and ICA. It is determined
that although the heat market, due to its considerable price and
demand, achieves higher profit and lower emissions, as compared
with electricity and ancillary services markets, the change in elec-
tricity market spot prices results in more variation in economic
profit and higher emissions.

For future works, it may be of interest to account for the
installation costs of CHP units in the TG-CHP-PBUC problem.
Further, effective bidding strategies and models can be developed
for GENCOs considering the electric power and heat operating
constraints and price uncertainty existing within the market, when
economic profit is to be maximized.

Appendix A

Table A1
Data for 10-TG unit system [20].

Hr Forecasted
electricity
demand (MW)

Forecasted
spinning
reserve (MW)

Forecasted
electricity
price ($/MW)

Forecasted
heat
demand (MWth)

Hr Forecasted
electricity
demand (MW)

Forecasted
spinning
reserve (MW)

Forecasted
electricity
price ($/MW)

Forecasted
heat demand
(MWth)

1 700 70 22.15 401 13 1400 140 24.60 474
2 750 75 22.00 407 14 1300 130 24.50 470
3 850 85 23.10 417 15 1200 120 22.50 462
4 950 95 22.65 431 16 1050 105 22.30 443
5 1000 100 23.25 438 17 1000 100 22.25 438
6 1100 110 22.95 450 18 1100 110 22.05 450
7 1150 115 22.50 455 19 1200 120 22.20 462
8 1200 120 22.15 462 20 1400 140 22.50 474
9 1300 130 22.80 472 21 1300 130 22.00 468
10 1400 140 29.35 474 22 1100 110 23.10 449
11 1450 145 30.15 478 23 900 90 22.65 430
12 1500 150 31.65 483 24 800 80 23.25 414

Table A2
Conventional TG units data [20].

Unit U1 U2 U3 U4 U5* U6* U7 U8 U9 U10

Pmax 455 455 130 130 162 80 85 55 55 55
Pmin 150 150 20 20 25 20 25 10 10 10
ai 1000 970 700 680 450 370 480 660 665 670
bi 16.19 17.26 16.6 16.5 19.7 22.26 27.74 25.95 27.27 27.79
ci 0.00048 0.00031 0.002 0.00211 0.00398 0.00712 0.00079 0.00413 0.00222 0.00173
Tup 8 8 5 5 6 3 3 1 1 1
Tdown 8 8 5 5 6 3 3 1 1 1
ST$SH 4500 5000 550 560 900 170 260 30 30 30
Ini. state 8 8 �5 �5 �6 �3 �3 �1 �1 �1

* U5* and U6* represent CHP units as replacement for U5 and U6 TG units.

Table A3
CHP units data [13].

Unit ai bi ci di ei fi ai bi

5 2650 14.5 0.0345 4.2 0.030 0.031 0.00015 0.00150
6 1250 36.0 0.0435 0.6 0.027 0.011 0.00015 0.00150

Table A4
Heat-only unit data [13].

ai bi ci ai bi

Heat-only unit 950.0000 2.0109 0.0380 0.0008 0.0010

Table A5
TG units emission coefficient [29].

Units a (ton/h) b (ton/MW h) g (ton/MW2 h)

1 10.33908 �0.24444 0.00312
2 10.33908 �0.24444 0.00312
3 30.03910 �0.40695 0.00509
4 30.03910 �0.40695 0.00509
5 32.00006 �0.38132 0.00344
6 32.00006 �0.38132 0.00344
7 33.00056 �0.39023 0.00465
8 33.00056 �0.39023 0.00465
9 35.00056 �0.39524 0.00465
10 36.00012 �0.39864 0.00470
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