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a b s t r a c t

The growing environmental awareness and the apparent conflicts between economic and environmental
objectives turn energy planning problems naturally into multi-objective optimization problems. In the
current study, mixed fuel combustion is considered as an option to achieve tradeoff between economic
objective (associated with fuel cost) and emission objective (measured in CO2 emission cost according
to fuels and emission allowance price) because a fuel with higher emissions is usually cheaper than
one with lower emissions. Combined heat and power (CHP) production is an important high-efficiency
technology to promote under the emission trading scheme. In CHP production, the production planning
of both commodities must be done in coordination. A long-term planning problem decomposes into
thousands of hourly subproblems. In this paper, a bi-objective multi-period linear programming CHP
planning model is presented first. Then, an efficient specialized merging algorithm for constructing the
exact Pareto frontier (PF) of the problem is presented. The algorithm is theoretically and empirically
compared against a modified dichotomic search algorithm. The efficiency and effectiveness of the
algorithm is justified.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

The increasing concerns about environmental impacts of energy
production have become an integral part of energy policy planning.
To combat climate change, the European Union (EU) has launched
an emission trading scheme (ETS) since 2005 and has simulta-
neously promoted clean production technologies with smaller
emissions [1]. The EU-ETS is now by far the largest emission mar-
ket in the world, covering more than 11 thousand power stations
and industrial plants in 31 countries, as well as airlines. The emis-
sion market utilizes the market force to reduce emission cost-
efficiently.

CHP production means the simultaneous production of useful
heat and electric power in a single integrated process. It can utilize
the excess heat that would be wasted in conventional power pro-
duction and thus can achieve higher efficiency. For example, the
efficiency of a gas turbine is typically between 36% and 40% when
used for power production only, but over 80% if also the heat is uti-
lized. CHP is considered an environmentally beneficial technology

due to its high energy efficiency compared to conventional sepa-
rate heat and power production. This leads to significant savings
in fuel and emissions, typically between 10% and 40% depending
on the technique used and the system replaced [2].

Considering the fact that fossil based technologies are currently
dominant [3] for supplying heat and power all over the world and
CHP is an important technology to improve the energy overall effi-
ciency of heat and power production, we study here using a fuel
mix (including biomass) [3,4] as an option to implement the tran-
sition into future sustainable low-carbon energy systems. A suit-
able fuel mix can achieve tradeoff between economic objective
(associated with fuel cost) and emission objective (measured in
CO2 emission cost according to fuels and emission allowance price)
[5]. Usually, a fuel with higher emissions is cheaper than one with
lower emissions. We have considered using multi-objective linear
programming (MOLP) approaches to deal with a medium- or long-
term CHP environmental/economic dispatch problem (EED), which
can be viewed as a subproblem of long term generation expansion
CHP planning problem [6]. It means that the plant characteristics
are assumed to be convex. It has been commented by [7] that
the convexity assumption is not as limiting as it may seem. Multi-
ple criteria decision making approaches, including MOLP, have for
a long time been used in energy planning for both traditional
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power-only and heat-only systems [8–10] as well as for poly-gen-
eration including CHP systems [11]. Some recent research related
to applying MOLP for dealing with poly-generation planning can
be referred to [12,13].

In the long term generation expansion planning context [14],
for a given investment decision, the operation subproblem, which
is used to estimate operating costs, is a long term EED problem
when emission impacts need to be considered. The long term
EED problem can be simplified into a sequence of single period
subproblems without dynamic constraints. The natural period
length is typically 1 h. This simplification may be necessary for at
least two reasons. First, the longer planning horizon (15 or
20 years) means that the size of the problem is large and it is dif-
ficult to handle the problem efficiently without simplification. Sec-
ond, in a broader context of risk analysis where numerous
scenarios need to be considered, each scenario corresponds to a
deterministic long term planning problem that must be solved effi-
ciently. Simulation based scenario analysis [15–22] is a widely
used approach and the computational effort is usually large.

For the single objective case, operating costs of the multi-period
planning problem without dynamic constraints can be obtained
simply by summing up the results of single period subproblems.
However, it is not a trivial problem in the multi-objective optimi-
zation context because typically there is no single global optimal
solution. The solution process consists of identifying a representa-
tion of the Pareto frontier (PF) with a number of non-dominated
outcomes in the objective space, which correspond to efficient
solutions in the decision space. For the MOLP, the continuity of
the PF [23] means that the number of non-dominated outcomes
used to represent the PF can be rather large. Therefore, the compu-
tational effort can be huge, even though each non-dominated out-
come can be obtained in polynomial time. For the bi-objective case,
all of the non-dominated outcomes for representing the PF can be
obtained by solving a series of weighted-sum functions. One

approach is called dichotomic search [24] and the other approach
is called parametric simplex method [23].

To the best of the authorś knowledge, no research is reported to
deal specifically with the bi-objective multi-period CHP planning
problem with no dynamic constraints. A possible reason for this
may be that it is the simplest multi-period planning problem and
most people think that a general solution approach can handle it.
However, it is not true. An efficient solution approach to the prob-
lem is demanding in the context of risk analysis and generation
expansion planning and it is not a trivial task to solve it efficiently
if the planning horizon is large.

The contributions of the current study can be summarized as
follows: First, we have defined a fuel mix setting for the
bi-objective CHP EED problem. Second, we have presented an effi-
cient iterative merging algorithm (MA) for constructing the exact
PF for the bi-objective LP CHP planning problem on the basis of
the PF for the single period subproblem. The MA utilizes the
convexity of the PF by arranging slopes of two consecutive non-
dominated outcomes in each period in a non-decreasing order.
Third, we have conducted theoretical time complexity analysis
for the MA and for a traditional algorithm to justify the efficiency
of the MA. Finally, we have done numerical experiments using both
real and artificially derived plants to show the applicability of the
MA in practice. It is worth mentioning that the current research is a
new extension of our specialized efficient algorithms for single
objective optimization [25,26] to the multi-objective context and
to achieve sufficient efficiency for dealing with environmental
impacts taking emission costs explicitly as an objective.

The paper is organized as follows: Section 2 describes the model
of the individual CHP plant as well as the model of the bi-objective
CHP planning problem considering fuel mix. Section 3 presents two
algorithms. The first one is a modified dichotomic search algorithm
(MDSA) for a general bi-objective LP problem and the second one is
a specialized merging algorithm (MA) for constructing the exact PF

Nomenclature

Indices
t index of a period or a point in time. The period t is be-

tween points t � 1 and t. In our problem, period length
is 1 h

p, q super/subscripts or prefixes for power and heat

Index sets
J set of extreme points of the operating regions of all

components including non-generating components
(e.g., contracts). ðJ ¼ [u2UJuÞ

Ju set of extreme points of the operating region of
component u 2 U

U set of all components including non-generating
components

Parameters
(pj,t, pj,t, qj,t) extreme point j 2 Ju of operating region of

component u 2 U (fuel consumption, power, heat)
in MW in period t

ce,t emission allowance price in €/ton for period t
c/(j),j,t Price of fuel /(j) in €/MW at plant u 2 U and the same

for j 2 Ju in period t
cp±,t power sales/purchase price in €/MW on the power

market in period t
cq+,t heat surplus penalty cost in €/MW in period t

g/(j) specific CO2 emission in ton/MW for fuel /(j) at plant
u 2 U and the same for j 2 Ju

Pt power demand in MW in period t
Q t heat demand in MW in period t
T number of periods over the planning horizon

Decision variables
xj,t variables encoding the operating level of each

component in terms of extreme points j 2 J in period t
xp±,t power sales and purchase volume in MW on the power

market in period t
xq+,t heat surplus variable in MW in period t

Notation associated with multi-objective optimization algorithms
MA merging algorithm
MDSA modified dichotomic search algorithm
DSA dichotomic search algorithm
YN non-dominated set of the problem
YN,t non-dominated set of the period t subproblem

YM
N non-dominated set of the problem generated by MA

YMD
N non-dominated set of the problem generated by MDSA

YN,max max non-dominated set of the problem, jYN;maxj ¼ 1þPT
t¼1 YM

N;t
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