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a  b  s  t  r  a  c  t

Pollutant  gas  emission  concern  is  one  of  the  most  challenging  issues  in electric  power  systems  putting
excessive  pressure  on different  participants  of  electricity  markets.  Integrating  renewable  energy  sources
and application  of Combined  Heat-and-Power  to thermal  power  plants  which  are  applied  by  system
operators  have  many  advantages,  such  as reducing  green-house  gas  emission.  This  paper  addresses  a
multi-objective  electric  model  to  integrate  the generation  of  thermal  units  considering  heat and  power
dispatch.  The  objective  functions  of  the  proposed  multi-objective  framework  comprise  simultaneous
minimization  of  cost  and  thermal  units’  emission  as well  as maximizing  heat  generation.  Normal-
Boundary  Intersection  method  is implemented  to solve  the proposed  model  and TOPSIS  decision  making
approach  has  been  employed  to find  the  optimal  Pareto  solution  as  the  best  tradeoff  between  cost,  green-
house  gas  emission  and  heat  generation.  The  results  obtained  in this  paper  are  compared  with  the  ones
derived  from  other  techniques  recently  used  and  verify  the  effectiveness  and efficiency  of  the proposed
multi-objective  method.  Besides,  it  is found  that  the  solutions  obtained  by  incorporating  the  lexicographic
optimization  and  Normal  Boundary  Intersection  method  are  exceptional  in the case  of  fuel  cost,  emission
and  execution  time.

© 2015  Elsevier  B.V.  All  rights  reserved.

1. Introduction

The increasing trend of fossil fuel price all around the world and
environmental concern caused by pollutant gas emission in power
industry have led to extreme pressure on power system operators
to seek the application of distributed generations to the demand
side of power system, integration of Distributed Energy Resources
(DERs), e.g. wind power, solar energy, etc. as well as the optimal
utilization of Combined Heat and Power (CHP) systems. CHP pro-
duction which typically puts into action for thermal power plants
means simultaneous production of useful heat and electric power.
When steam or hot water is produced in an industrial plant or a res-
idential area, electric power can also be produced as a by-product.
Moreover, surplus heat from an electric power plant can be used
for industrial/residential purposes or to heat space and water [1].
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In some countries, CHP system has been integrated into power
networks to generate both electricity and useful heat and also to
offer a tremendous increase in revenue in order to decline fossil
fuel emissions, while saving operation costs for power generation
by capturing some or all of the by-product heat [2]. As mentioned
in ref. [3], CHP integration uses heat and can potentially achieve
an energy conversion efficiency of up to 80%, while the energy effi-
ciency of a gas turbine is typically between 36% and 40% when used
for electric power production only [1]. Energy efficiency of CHP uti-
lization leads to significant savings in fuel and emissions compared
to conventional condensing power plants that their efficiency is
typically between 10% and 40% depending upon the technique used
and the system replaced [4]. In the literature, most reported studies
concentrated on the application of the environmentally beneficial
and high energy-efficiency CHP systems [5–7].

The ever increasing interests toward CHP dispatch problem
have become more worth developing research area to obtain
accurate CHP dispatch results for practical CHP projects [8].
Incorporating co-generation units (CHP units) into the existing
utility economic dispatch problem adds further complexity to the
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Nomenclatures

Indices
h, i, j heat-only, thermal and CHP unit indices, respec-

tively.
ii, jj electric power generating unit.
j′ linear inequality constraint index of CHP feasible

operation region.

Constants
ai, bi, ci, di, ei cost coefficients of thermal unit i.
Bii,jj,t loss coefficient relating to the productions of electric

power generating units ii and jj (1 MW−1).
B0,ii,t loss coefficient associated with the production of

electric power generating unit ii.
B00,t loss coefficient parameter (MW).
DRTU

i
, DRCHP

j
ramp-down rate of thermal unit i and CHP unit

j, respectively (MW/h).
PD,t electric load demands (MWt).
HH

h,max, HCHP
j,max heat capacity of heat-only unit h and CHP unit
j, respectively (MWt).

HH
h,min, HCHP

j,min minimum heat output of heat-only unit h and
CHP unit j, respectively (MWt).

NCHP, NTU, NH number of CHP, thermal and heat-only units,
respectively.

Nlin number of linear inequality constraints of CHP fea-
sible operation region.

NG Number of electric power generating units.
NT number of time intervals.
PCHP

j,max, PTU
i,max power capacity of CHP unit j and thermal unit

i, respectively (MW).
PCHP

j,min, PTU
i,min minimum power output of CHP unit j and ther-

mal  unit i, respectively (MW).
Pii,max, URii power capacity and ramp-up rate of electric

power generating unit ii, respectively (MW).
URCHP

j , URTU
i ramp-up rate of CHP unit j and thermal unit i,

respectively (MW/h).
xj′,j,t , yj′,j,t , zj′,j,t coefficients of power-heat feasible opera-

tion region of linear inequality equation j′ for CHP
unit j.

aj, bj, cj, dj, ej, fj cost coefficients of CHP unit j.
ah, bh, ch cost coefficients of heat-only unit h.
˛i, ˇi, � i, �i, �i emission coefficients of thermal unit i.
˛j, ˇj emission coefficients of CHP unit j.
˛h, ˇh emission coefficients of heat-only unit h.

Variables
F1, F2, F3 total operation costs ($), emissions (lbs) and heat

(MWt), respectively.
HCHP

j,t , H̄CHP
j,t

lower and upper limits of the jth CHP unit output
heat, respectively (MWt).

PLoss,t real power losses (MW).
PHG generating unit vector.
Pii,t power generation output of electric power generat-

ing unit ii (MW).
PTU

i,t
, PCHP

j,t
power generation output of thermal unit i and CHP

unit j, respectively (MW).
P̄TU

i,t
, P̄CHP

j,t
upper limit of the output power of the ith thermal

unit and the jth CHP unit, respectively (MW).
PTU

i,t , PCHP
j,t lower limit of the output power of the ith thermal

unit and jth CHP unit, respectively (MW).

solution methodology. Several classical optimization techniques,
such as Lagrangian relaxation, dual and quadratic programming can
be used to solve the CHP dispatch problem [9,10].

Nevertheless, these traditional optimization techniques can-
not be directly applied to a CHP dispatch problem when the fuel
cost functions of units are much more complicated due to the
physical operation limitations influencing the shape of fuel cost
functions and the non-linearity of other technical constraints. In
order to obtain precise dispatch results, several optimization algo-
rithms based on stochastic searching techniques including Artificial
Neural Network (ANN) [11], Genetic Algorithm (GA) [12,13], Ant
Colony Search Algorithm (ACSA) [14], Evolutionary Programming
(EP) [15], Harmony Search Algorithm (HSA) [16,17] and Particle
Swarm Optimization (PSO) [18] can be developed to solve the
highly nonlinear CHP dispatch problem without restrictions on
the shape of fuel cost functions. Multi-objective Mathematical Pro-
gramming (MMP)  models in the deterministic framework [19–22]
proposed for electricity market are cleared in previous works. The
objective functions of the MMP  model in refs. [19–22] include gen-
eration offer cost, and emission in addition to several technical
considerations.

In this paper, a multi-objective electricity market operation
framework is addressed for integration of thermal power plants
taking into consideration the CHP options. The problem is for-
mulated as a deterministic Non-Linear programming (NLP) and
Normal Boundary Intersection (NBI) method is employed to find
the optimal Pareto front of the solutions (best tradeoff between
minimum cost, minimum emission and maximum heat).

The main contributions of this work with respect to the earlier
ones can be briefly summarized as follows:

(a) The model gives optimal power generation of thermal units,
CHP units as well as heat-only units.

(b) Generating the evenly distributed Pareto optimal solutions by
NBI method.

(c) Reduced fuel cost, emission and solution time compared to
recently published papers using the proposed method.

The remainder of the paper is organized as follows: Section 2
includes the brief description and formulation of multi-objective
electricity market framework consisting of the objective functions
of market framework considering CHP options while the problem’s
constraints are mathematically presented. Section 3 addresses
the proposed solution methodology of multi-objective operation
model. Case study and simulation results are discussed in Section
4. Some concluding remarks on the proposed solution methodology
are drawn in Section 5.

2. Multi-objective problem description and formulation

In the following subsections, the multi-objective problem is
introduced in the form of NLP formulation. The main objectives
of the problem are cost of production, emission concerns of gener-
ation units and heat generation considering three different options
of generation units; power-only units, combined heat and power
units and heat-only units.

2.1. Objective functions

The objective functions of multi-objective operation problem in
the present survey are formulated as:

F1 = Cost(PHG) =
NT∑
t=1

(G1(PTU
t ) + G2(PCHP

t , HCHP
t ) + G3(HH

t )) (1)
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