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• Multi-objective operation optimization model of a Distributed Energy System.
• Optimized operation strategies to reduce energy costs and environmental impacts.
• Method implemented for a large-scale utility customer as end-user.
• Energy costs and CO2 emissions reduced by the optimized operation.
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A B S T R A C T

With energy saving issues and growing environment protection awareness, interests in distributed gen-
eration have been intensifying. Distributed Energy Systems (DESs) are being widely investigated, since
they are expected to be largely used to increase the efficiency of energy supply and to address environ-
mental problems. In this paper, a multi-objective optimization problem is formulated to obtain the optimized
operation strategies of a DES, to reduce both energy costs and environmental impacts. The DES includes
different energy conversion devices and thermal energy storage systems to satisfy time-varying user
demands. The Pareto front, including the best possible trade-offs between the economic and the envi-
ronmental objectives, is obtained by minimizing a weighted sum of the total energy costs and CO2 emissions.
The operators of DESs can choose the operation strategy from the Pareto front based on the economic
and environmental priorities. The method is implemented for a DES with a large-scale utility customer
as end-user. Results show that the optimized operation of the DES reduces energy costs and CO2 emis-
sions, as compared with conventional energy supply systems. In addition, a sensitivity analysis is carried
out to analyze the effects on energy costs and environmental impacts of variations in the configuration
of the DES.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

A Distributed Energy System (DES) may consist of small-scale
heat and power generation technologies including also renewable
ones, and storage units, providing electric and thermal energy to
end-users [1]. In recent years, interest has been intensifying in the
development of DESs, which are considered as an efficient and en-
vironmental friendly alternative to conventional energy supply
systems [1–6]. These systems, with appropriate design and

operation strategies, may exhibit even better performances than a
single polygeneration energy system (e.g., combined heat and power)
or conventional energy supply systems. For instance, integration with
renewable energy resources may lead to environmental benefits and
efficient use of energy resources. However, most of the studies in
the literature have been focused on the optimization of specific
energy systems as combined heat and power systems and their op-
eration strategies [7–11]. Most of literature on DESs has been focused
on their operation optimization from the economic point of view.
Among them, integrated optimization of energy devices and energy
processes of a small eco-community was carried out in Yan et al.
[12] to reduce the total energy costs. The solution methodology used
was branch-and-cut. A mixed-integer optimization model for sched-
uling multiple energy devices connected to a low energy building
was developed in Guan et al. [13] to minimize the overall costs of
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electricity and natural gas. The problem was also solved by
branch-and-cut.

The economic analysis alone is not sufficient due to growing en-
vironmental concerns, like the global warming and the depletion
of fossil fuels. Operation problems of DESs, including different energy
systems, become more challenging when the environmental aspects
are also taken into account, since the economic and the environ-
mental objectives may be contradictory [14,15]. In addition, the
energy devices involved convert and store different energy carri-
ers (e.g., electricity, natural gas, solar energy, hot and/or cold fluids)
with different energy efficiencies and environmental impacts.

In this paper, a multi-objective linear programming (MOLP)
problem is formulated to obtain the optimized operation strate-
gies of a DES to reduce the energy costs and environmental impacts,
while satisfying time-varying user demands, with given prices of
energy sources. The DES involves different energy conversion devices:
Combined Cooling Heat and Power (CCHP) system, solar thermal
plant, reversible heat pump and thermal energy storage systems,
which provide electricity, heat and cooling to end-users. The eco-
nomic objective is formulated as the total energy cost to be
minimized, and the environmental objective is formulated as the
total CO2 emission to be minimized. The Pareto front involving the
best possible trade-offs between the economic and environmental
objectives is obtained by minimizing a weighted sum of the total
energy cost and CO2 emission, by using branch-and-cut. The op-
erators of DESs can choose the operation strategy from the Pareto
front based on the economic and environmental priorities.

As an illustrative example, a large-scale utility customer (a large
hotel located in Italy) is considered as the end-user. Results show
that the optimized operation of the DES allows to reduce energy
costs and environmental impacts, as compared with conventional
energy supply systems. In addition, a sensitivity analysis is carried
out to analyze the effects on energy costs and environmental impacts
of variations in the configuration of the DES.

2. Problem formulation

The DES under consideration consists of energy conversion
devices and thermal energy storage systems, providing electricity,
heat and cooling to end-users. Fig. 1 shows the scheme of the DES
with the possible routes of energy carriers from various energy re-
sources via primary and secondary energy devices, and thermal
energy storage systems to meet given time-varying user demands.

Modeling of energy devices and thermal storage is presented in
subsection 2.1, and energy balances are described in subsection 2.2.

2.1. Modeling of energy devices and thermal storage

The common constraint for most of the energy devices is the ca-
pacity constraint, formulated as follows:

x t k k t x t kED ED ED ED ED( ) ≤ ( ) ≤ ( )min max, (1)

which means that if the energy device is in use (i.e., the on/off binary
decision variable, xED(t), is 1), its generation level (the decision vari-
able), kED(t), has to be within the minimum value, kED

min , and its
capacity, kED

max , and 0 when the energy device is off.
Additional constraints for CCHP, solar thermal plant, reversible

heat pump and thermal storage are presented in the following.

2.1.1. Modeling of the CCHP system
The CCHP system consists of an Internal Combustion Engine (ICE);

two heat recovery boilers, for Domestic Hot Water (DHW) and Space
Heating (SH) demands, respectively; an absorption chiller, for Space
Cooling (SC) demand, as sketched inside the bold lines in Fig. 1. The
internal combustion engine provides electricity fueled by natural
gas. Thermal energy is recovered from exhaust gas and used to
provide heating by the heat recovery boilers and cooling by the ab-
sorption chiller. Furthermore, heating and cooling can be also directly
generated by supplementary burning of natural gas in the boilers
and absorption chiller, respectively [16]. Decision variables for the
CCHP system are the electricity generation level in the internal com-
bustion engine, the fraction of exhaust gas for domestic hot water,
space heating and cooling demands, and heating and cooling di-
rectly provided by supplementary burning of natural gas in the
boilers and absorption chiller, respectively.

Constraints considered for the CCHP system are presented below.
The volumetric flow rate of natural gas, �G tICE ( ) , required by the
engine to provide electricity, �E tCCHP ( ), is given by:

� �G t E t LHVICE CCHP e gas( ) = ( ) ( )η , (2)

where ηe is the engine gas-to-electric efficiency and LHVgas is the
lower heat value of natural gas. In Eq. (2), �G tICE ( ) is expressed in
Nm3/h, where Nm3 stands for the volume of gas at 0 °C tempera-
ture and at 1.013 bar pressure.

Fig. 1. Scheme of the DES for the optimization problem.
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The heat rate available from the exhaust gas recovered from the
engine, �Q tICE ex, ( ) , is:

� �Q t E tICE ex CCHP e ICE e, ,( ) = ( ) − −( )1 η μ η (3)

where μICE is the percent heat loss of the engine.
Engine exhaust gas can be subdivided among the heat recov-

ery boilers and the absorption chiller to supply heating for the
domestic hot water and space heating demands as well as cooling
for the space cooling demand.

The heat rate supplied by the exhaust gas to the heat recovery
boiler for the domestic hot water demand, �H tex

DHW ( ), is:

� �H t Q t tex
DHW

ICE ex DHW HR boil( ) = ( ) ( ), , ,ξ η (4)

where ηHR,boil is the efficiency of the heat recovery boiler, and the
continuous decision variable, ξDHW(t), is the fraction of exhaust gas
supplied to the heat recovery boiler for the domestic hot water
demand.

Heating can be also directly provided by supplementary burning
of natural gas in the heat recovery boiler. The volumetric flow rate
of natural gas, �G tboil

DHW ( ), required by the boiler to directly provide
the heat rate, �H tdi

DHW ( ), is:

� �G t H t LHVboil
DHW

di
DHW

boil gas( ) = ( ) ( )η , (5)

where ηboil is the combustion efficiency of the boiler.
Therefore, the total generation of the heat recovery boiler for the

domestic hot water demand, �H tCCHP
DHW ( ), is the sum of the heat rate

obtained by exhaust gas, �H tex
DHW ( ), and the heat rate directly pro-

vided by supplementary burning of natural gas, �H tdi
DHW ( ):

� � �H t H t H tCCHP
DHW

ex
DHW

di
DHW( ) = ( ) + ( ). (6)

Modeling of heating for the space heating demand and of cooling
for the space cooling demand by the CCHP system is similar to that
described above.

The sum of the engine exhaust gas fractions used for domestic
hot water, ξDHW(t), space heating, ξSH(t), in the heat recovery boilers,
and space cooling, ξSC(t), in the absorption chiller, has to be one:

ξ ξ ξDHW SH SCt t t( ) + ( ) + ( ) = 1. (7)

The overall volumetric flow rate of natural gas consumed by the
CCHP system, �G tCCHP ( ), is:

� � � � �G t G t G t G t G tCCHP ICE boil
DHW

boil
SH

abs( ) = ( ) + ( ) + ( ) + ( ), (8)

where �G tboil
SH ( ) is the volumetric flow rate of natural gas required by

the boiler to directly provide heating for the space heating demand,
and �G tabs ( ) is the volumetric flow rate of natural gas required by
the absorption chiller to directly provide cooling for the space cooling
demand.

2.1.2. Modeling of the solar thermal plant
A solar thermal plant is used to meet the domestic hot water

demand. The heat rate provided by the solar plant, �H tsolar ( ), depends
on the collector area, Acoll, its efficiency, ηcoll, and the total solar ir-
radiance, �G tT ( ) , and is expressed by:

� �H t A G tsolar coll coll T( ) = ( )η , (9)

where the collector area is assumed known, since the optimal design
of the DES is not the aim of this work.

2.1.3. Modeling of the reversible heat pump
A reversible heat pump is used to meet space heating and cooling

demands in the heating and cooling modes, respectively. In the
heating mode, the electricity consumption of the heat pump, �E tHP ( ) ,
to supply the heat rate, �H tHP ( ), is given by:

� �E t H t COPHP HP HP( ) = ( ) , (10)

where COPHP is the coefficient of performance of the heat pump in
the heating mode. Modeling of the cooling mode is similar to that
described above.

2.1.4. Modeling of thermal energy storage systems
The energy stored in the domestic hot water tank at time t, Hsto(t),

can be expressed as:

H t H t t H t H t tsto sto sto sto
in

sto
out( ) = −( ) + ( ) − ( )( )Δ Δη � � , (11)

where ηsto is the efficiency of the thermal storage and Δt is the length
of the time interval. The decision variables are �H tsto

in ( ) and �H tsto
out ( ),

which are the heat rates brought in and taken out by the flow-in
and flow-out water, respectively.

It is assumed that there are three different thermal energy storage
systems, each of them for the corresponding thermal energy demand.
Modeling of thermal storage systems for space heating and cooling
is similar to the above.

2.2. Modeling of energy balances

In order to satisfy the given time-varying user demands, elec-
tricity and thermal energy balances are formulated by matching
supply and demand.

2.2.1. Electricity balance
The electricity rate demand, �E tdem ( ), and the electricity rate re-

quired by the heat pump, �E tHP ( ) , must be covered by the sum of
the electricity rate delivered by the CCHP system, �E tCCHP ( ), and the
electricity rate bought from the grid (a continuous decision vari-
able), �E tbuy ( ):

� � � �E t E t E t E tdem HP CCHP buy( ) + ( ) = ( ) + ( ). (12)

2.2.2. Domestic hot water energy balance
The heat rate demanded for domestic hot water, �H tdem

DHW ( ), must
be satisfied by the total heat rate provided by the CCHP system,
�H tCCHP

DHW ( ) , by the solar thermal plant, �H tsolar ( ), and by the thermal
storage, � �H t H tsto

out
sto
in( ) − ( ) , that is:

� � � � �H t H t H t H t H tdem
DHW

CCHP
DHW

solar sto
out

sto
in( ) = ( ) + ( ) + ( ) − ( ).. (13)

The space heating and cooling balances can be expressed in a
similar way.

3. Multi-objective optimization

The objective is to minimize the total energy costs and CO2 emis-
sions. The economic and environmental objective functions are
discussed in subsection 3.1. To solve the problem, the multi-
objective optimization method is discussed in subsection 3.2.

3.1. Economic and environmental objectives

The economic objective is to minimize the total energy cost, Cost,
that is the cost of the gas consumed by the CCHP system, �G tCCHP ( ),
and the cost of the grid power, E tbuy ( ):
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Cost P t E t P G t tgrid buy gas CCHP
t

= ( ) ( ) + ( )( )∑ � � Δ , (14)

where Pgrid(t) is the time-of-day unit price of electricity from the
grid and Pgas is the constant unit price of natural gas.

The environmental objective is to minimize the environmental
impacts, Env, in terms of CO2 emission from the power grid and the
consumed fuels. The CO2 emission due to the use of electricity from
the power grid is evaluated by multiplying the carbon intensity of
the power grid, Ecin, and the total amount of electricity from the grid,
�E tbuy ( ) . The carbon intensity of the power grid that the DES is con-

nected to is the amount of CO2 emission per unit of electricity
generated which depends on the fuel mix. The CO2 emission due
to the natural gas consumption is evaluated by multiplying the
carbon intensity of the fuel, Gcin, and the total amount of fuel con-
sumption of the CCHP system, �G tCCHP ( ) [17]. Therefore, the total CO2

emission is expressed as follows,

Env E E t G G t tcin buy cin CCHP
t

= ( ) + ( )( )∑ � � Δ . (15)

3.2. Multi-objective optimization method

With the economic objective function (Eq. 14) and the environ-
mental one (Eq. 15), the problem has two objective functions to be
minimized. To solve this multi-objective problem, a single objec-
tive function is formulated as a weighted sum of the total energy
cost, Cost, and the environmental impacts, Env, to be minimized:

F c Cost Envobj = + −( )ω ω1 , (16)

where the constant c is chosen such that c Cost and Env have the
same order of magnitude. For ω = 1, the economic optimization is
carried out and the solution that minimizes the total energy cost
can be found. For ω = 0, the environmental impact optimization is
carried out and the solution that minimizes the total CO2 emis-
sion can be found. Then, the constant c is calculated as the ratio of
the maximum total CO2 emission obtained by the economic opti-

mization to the maximum total energy cost obtained by the
environmental impact optimization. With the constant c, the Pareto
front involving the best possible trade-offs between the two ob-
jectives can be found by varying the weight ω in between the interval
0 and 1. The problem formulated above is linear and involves both
discrete and continuous variables. This mixed integer linear pro-
gramming problem is solved by branch-and-cut. Fig. 2 shows the
flowchart to find the optimized operation strategies of the DES, with
both economic and environmental objectives. Given the input data,
by solving the above problem, the Pareto front, consisting of the best
possible trade-offs between the two objectives, can be obtained. Each
point of the Pareto front corresponds to a different operation strat-
egy of the DES. The operators of DESs can choose the operation
strategy from the Pareto front based on the economic and environ-
mental priorities.

4. Numerical testing

The above formulated problem has been implemented by using
IBM ILOG CPLEX Optimization Studio Version 12.5. As an illustra-
tive example, a hypothetical large hotel of 16,000 m2 located in Italy
(D climatic zone [18]) is considered as the targeted end-user. In
Europe, hotel facilities are ranked among the top five in terms of
energy consumption in the tertiary building sector [19]. More-
over, in Italy, interest has been intensifying in promoting DESs, as
demonstrated by several research and demonstration projects
[20–23]. A typical winter day is chosen, with one hour as time-
step. The configuration of the DES, including the sizes of energy
devices, is sketched in Fig. 3.

4.1. Model inputs

The required inputs for the optimization model are demands in-
formation, energy prices, primary energy carrier availability, carbon
intensities, and efficiencies of energy devices and thermal storage,
as discussed in the following.

Fig. 2. Flowchart of the multi-objective optimization model.
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4.1.1. Energy demand
The hourly electricity, domestic hot water and space heating

demands are taken from the literature [24–26]. The energy rate
demand profiles for a typical winter day are reported in Fig. 4.

4.1.2. Energy prices
The time-of-day unit price of electricity from the power grid and

the unit price of natural gas are chosen according to the current
Italian market scenario. With reference to the Italian BTA6 tariff [27]
for industrial use of electricity from the power grid, the unit price
(€/kWh) accounts for the sum of the energy and dispatching prices,
the power distribution and transmission quotas, the equalization
component and the excise fee. The time-of-day grid price consid-
ered in this study is shown in Fig. 5. For the natural gas, the tariff
for industrial use is adopted [28].

Reference is made to a unit price (€/Nm3) consisting of the
energy quotas (energy unit price and additional charges), the
other variable quotas as distribution and transport sale quotas,
and the excise fee.

4.1.3. Primary energy carriers
The energy carriers’ input to the DES are electricity from the

power grid, natural gas and solar energy. The first two are assumed

unlimited, whereas the heat rate provided by the solar thermal plant
is derived by the solar energy input taken from meteorological data
for the considered location [29]. The hourly solar irradiance of a rep-
resentative winter day is evaluated as the average of the solar
irradiance in the corresponding hours of all winter days.

4.1.4. Carbon intensity
The carbon intensities of electricity from the power grid and

natural gas are needed to evaluate the total amount of CO2 emis-
sion related to the operation of the DES. The carbon intensity of the
power grid is taken from Reference 30 equal to 0.354 kg/kWh, as
the averaged value in the years 2009–2011 for Europe. The carbon
intensity of natural gas is taken from Reference 17 equal to
0.202 kg/kWh.

4.1.5. Efficiency of energy devices and thermal storage
Typical efficiency values assumed for the energy devices and

thermal storage are reported in Table 1. The temperature of exhaust
gas from the internal combustion engine is assumed equal to
623.15 K and the temperature of exhaust gas at the exit of the heat
recovery boiler is assumed equal to 363.15 K [17]. The efficiency of
the heat recovery boiler is evaluated as the ratio of difference
between the inlet and the outlet temperature of the engine exhaust

Fig. 3. DES configuration.

Fig. 4. Energy rate demands of a hypothetical hotel in Italy for a representative winter
day. Fig. 5. Time-of-day grid price for industrial use [27].
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gas in the heat recovery boiler to the difference between the inlet
exhaust gas temperature and the ambient temperature.

4.2. Results

With the input data described above, the optimization method
is implemented by using IBM ILOG CPLEX. The Pareto front involv-
ing the best possible trade-offs between the economic and the
environmental objectives is presented in subsection 4.2.1. The op-
timized operation strategies of the DES under different weights for
the two objectives are discussed in subsection 4.2.2.

4.2.1. Pareto front
Fig. 6 shows the Pareto fronts obtained without and with the dis-

count on the excise fee of natural gas applicable to high-efficiency
cogeneration systems (Primary Energy Saving (PES) > 0) [31]. In the
first case, the natural gas tariff for industrial use described in
subsection 4.1.2 is adopted, considering the excise fee for industri-
al use for all the natural gas consumed by the CCHP system [32].
In the second case, the discount on the excise fee for natural gas is
involved, since the CCHP system has a PES > 0. According to Refer-
ence 32, this discount is applied to a 0.25 Nm3 volumetric flow rate
of natural gas consumed by the CCHP system for each kWh of elec-
tricity provided. The additional consumption of natural gas, which
occurs when the CCHP system has an electrical efficiency less than
42%, is subjected to the industrial excise fee. Also, the natural gas
consumed by the boilers to directly provide heating for the domes-
tic hot water and space heating demands is subjected to the
industrial excise fee [32].

In the first case (without discount on the excise fee of natural
gas), the point marked with a is obtained by minimizing the daily
energy cost, and the daily energy cost is 1260 €/d, whereas the daily

CO2 emission is 4160 kg/d. The point marked with b is obtained by
minimizing the environmental impacts (the daily CO2 emission), and
the daily energy cost is 1594 €/d, whereas the daily CO2 emission
is 3448 kg/d. The points between the extreme points are found by
equally subdividing the weight interval into 100 spaces.

In the second case (with discount on the excise fee of natural
gas), the Pareto front is obtained in the same way, where the points
marked with a′ and b′ are obtained by minimizing the daily energy
cost and the daily CO2 emission, respectively. In both cases, a sig-
nificant reduction, 8%, in the CO2 emission is gained from solution
points a and a′ (ω = 1) to the solution points c and c′ (ω = 0.9) with
a negligible 0.25% increase in the energy cost. The differences
between the two Pareto fronts become more significant when the
weight for the economic objective increases (left side). In the energy
cost minimization, at the point a′, the daily energy cost is 1223 €/d
and it is reduced by about 3% as compared with the energy cost at
the point a. The total CO2 emission is the same as those at the point
a. When the weight for the environmental objective increases, the
sensitivity of the DES operation to the energy prices reduces, there-
fore the difference between the Pareto fronts reduces (right side).
At the point b′, the daily energy cost is 1589 €/d and the daily CO2

emission is the same as those at the point b, since, when the en-
vironmental objective is minimized, the operation of the DES is not
sensitive to the energy prices. In the environmental impact mini-
mization, the daily energy cost at the point b′ is almost equal to that
at the point b, because of the very small difference between the dis-
counted excise and the full excise prices for industrial use.

4.2.2. Optimized operation strategies at various trade-off points
Each point on the Pareto front corresponds to a different oper-

ation strategy of the DES. The operators of the DES can choose a
compromise between the two objectives from the Pareto front based
on their cost and environmental priorities. In order to understand
how the operation strategies of the DES affect the energy cost and
the CO2 emission under different weight values, the results at various
trade-off points are shown in Fig. 7. These trade-off points belong
to the Pareto front obtained when the discount on the excise fee
is involved (red Pareto front in Fig. 6). Fig. 7a points out that, as ω
increases from 0 to 1, the share of the electricity load (the sum of
electricity demand and electricity rate required by the heat pump)
satisfied by the CCHP significantly increases (5% to 59%), highlight-
ing that the CCHP system allows to reduce the total energy cost. The
opposite occurs to the share of electricity load covered by the grid
power. The maximum value is obtained when the environmental
impact is minimized, since the space heating demand is fully sat-
isfied by the heat pump, as shown in Fig. 7c. As ω increases from 0
to 1, the share of the space heating demand satisfied by the heat
pump decreases, whereas the share covered by the heat recovery
boiler driven by exhaust gas increases because of the increase in
the use of the CCHP system. In the energy cost minimization, the
operation of the DES is only sensitive to energy prices, and the CCHP
system instead of the power grid is mostly used to provide electricity.

It is also worth noting that Fig. 7a, 7b and 7c are strongly related.
For instance, the CCHP system is rarely used in the environmental
impact minimization, since the space heating demand is fully sat-
isfied by the heat pump. Correspondingly, the heat rates from exhaust
gas and the solar thermal plant do not satisfy the domestic hot water
demand, and the integration with the boiler driven by natural gas
is needed. As the use of the CCHP system increases and the use of
the heat pump reduces, the amount of exhaust gas increases, and
the integration with the boiler driven by natural gas is not needed.
When the weight of the economic objective is close to 1 (ω = 0.8
and ω = 0.9), the natural gas boiler is used to satisfy a small share
(3–5%) of the domestic hot water demand. Although in the eco-
nomic optimization the use of the CCHP system reaches the
maximum value, exhaust gas is not enough to satisfy the domes-

Table 1
Efficiency of energy devices and thermal storage.

Primary energy devices Efficiency

Electrical Thermal

Internal combustion engine 0.35 0.50
Solar thermal plant 0.40

Secondary energy devices Efficiency

Heat pump COPHP = 3.0
Heat recovery boiler ηHRboil = 0.75, ηboil = 0.85

Thermal energy storage Efficiency

DHW and SH storage 0.90

Fig. 6. Pareto fronts with and without discount on the excise fee of natural gas.
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tic hot water and space heating demands. Therefore, the use of
natural gas boilers significantly increases consistently with the re-
duction in the use of the heat pump. The remarkable difference in
the operation of the DES from ω = 1 to ω = 0.9 corresponds to the
big jump from a′ to c′ shown in Fig. 6.

4.3. Sensitivity analysis

A sensitivity analysis is carried out to analyze the effects on energy
costs and environmental impacts of variations in the configura-
tion of the DES.

4.3.1. Single-objective optimization for different configurations of the
DES

In order to show the contribution of each energy device in re-
ducing energy costs and CO2 emission separately, the economic and
environmental impact optimizations are carried out for different con-
figurations of the DES. In addition, the daily energy cost and CO2

emission are also evaluated for one of the most common conven-
tional energy supply systems, consisting of the power grid to meet
the electricity demand, and natural gas boilers to meet the domes-
tic hot water and space heating demands. The configurations are
listed in Table 2.

Fig. 8a and 8b show the daily energy cost obtained by the eco-
nomic optimization and the daily CO2 emission obtained by the
environmental impact optimization, respectively. Configuration 1
is the reference case, consisting of all energy devices shown in Fig. 3.
In the reference case (discount on the excise fee of natural gas in-
volved), the minimum energy cost and minimum CO2 emission are
obtained by the economic and environmental impact optimiza-
tions, respectively. For Configuration 2, there is a negligible increase
in the energy cost and no change in CO2 emission, compared with
those of the reference case. This highlights the small impact of the
space heating storage on both the objectives.

Configuration 3 excludes the solar thermal plant. A 3% increase
in the energy cost and a 5% increase in the CO2 emission com-
pared with those of the reference case, respectively, confirm the
importance of this energy device for both the objectives. Besides
the solar thermal plant, Configurations 4 and 5 exclude the domes-
tic hot water storage and both the thermal storage systems
respectively, and results are similar to those obtained for Config-
uration 3.

Configuration 6 excludes the heat pump. The daily energy cost
is 11% higher than that in the reference case. The daily CO2 emis-
sion is 21% higher than those in the reference case. Therefore, the
heat pump affects the environmental impacts more than the energy
costs, as also shown in Fig. 7c. In the environmental impact opti-
mization, the space heating demand is fully satisfied by the heat
pump, whereas in the economic optimization the share of space
heating demand satisfied by the heat pump reaches the minimum
value.

Configuration 7 excludes the internal combustion engine. The
electricity load is fully satisfied by the power grid, and without
exhaust gas the heat recovery boilers are fuelled by natural gas. The
opposite trends of energy costs and CO2 emission as compared with
those of Configuration 6 are exhibited. The daily energy cost is 25%
higher than that in the reference case. However, the daily CO2 emis-
sion is only 0.5% higher than those in the reference case. This is also
remarkable in Fig. 7a, since in the environmental impact optimi-
zation only 5% of the electricity load is satisfied by the CCHP system.

In Configuration 8, the internal combustion engine is substi-
tuted by a gas turbine of the same size. The energy cost is increased

Fig. 7. Optimized operation strategies of the DES at various trade-off points for a)
electricity, b) domestic hot water, c) space heating.

Table 2
Investigated configurations.

Configuration Energy devices excluded from the reference
case (Configuration 1)

2 Without SH storage
3 Without solar thermal plant
4 Without solar thermal plant and DHW storage
5 Without solar thermal plant, DHW/SH storage
6 Without heat pump
7 Without internal combustion engine

Configuration Other cases

8 Gas turbine instead of internal
combustion engine

9 Conventional energy supply system
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by 5% and the CO2 emission is increased by 0.3%, as compared with
those in the reference case, respectively. This confirms that the in-
ternal combustion engine is a better solution in terms of costs and
environmental impacts than the gas turbine, due to the higher total
energy conversion efficiency of the CCHP system with the internal
combustion engine than that of the CCHP system with the gas
turbine. It can be noticed that the effect of the prime mover change
has larger effects on energy costs than environmental impacts.

Finally, for the conventional energy supply system, the daily
energy cost and the daily CO2 emission are 27% and 26% higher than
those in the reference case. Results show that the energy cost and
the environmental impacts are strongly reduced by the optimized
operation of the DES.

4.3.2. Multi-objective optimization for different configurations of the
DES

The multi-objective optimization is carried out for some con-
figurations among those listed in Table 2, to compare the Pareto
fronts with that obtained in the reference case (red Pareto front in
Fig. 6). The Pareto fronts for Configurations 3, 6, 8, as well as for the
reference case are presented in Fig. 9.

For Configuration 3 (without solar thermal plant), the Pareto front
is similar to that in the reference case, especially in the left side (ω
is close to 1). The CO2 emission is highly reduced (10%) from ω = 1
to 0.9, with a negligible increase in the energy cost (0.31%). When

the weight of the environmental objective increases over that of the
economic one (right side), the slope of the Pareto front is lower than
that of the reference case. This means that when more attention
is paid to the environmental performance, the rate of the energy
cost increase is larger than that of CO2 emission reduction, as com-
pared with the reference case. The daily energy costs obtained by
the economic and environmental impact optimizations are 24% and
22% lower than those obtained with the conventional energy supply
system (Configuration 9).

For Configuration 6 (without heat pump), very few trade-offs
points are obtained. The difference between the maximum and
minimum daily energy cost obtained by the environmental impact
and economic optimization, respectively, is only 1.5%. The differ-
ence between the maximum and minimum daily CO2 emission
obtained by the economic and environmental impact optimiza-
tions is only 0.34%. This is because of the flat shape of the Pareto
front, which implies a negligible reduction in CO2 emission with a
significant increase in the energy cost. Daily energy costs ob-
tained by the economic and environmental impact optimization are
18% and 7% lower than those obtained with the conventional energy
supply system (Configuration 9).

For Configuration 8 (gas turbine generator instead of internal
combustion engine), the shape of the Pareto front is different from
that in the reference case. The slope of the Pareto front changes more
quickly than that of the Pareto front in the reference case. When
ω changes from 1 to 0.9, there is a negligible increase in the energy
cost (0.12%), and the reduction in the CO2 emission is about 3.4%.
The daily energy costs obtained by the economic and environmen-
tal impact optimizations are 23% and 26% lower than those obtained
with the conventional energy supply system (Configuration 9).

5. Conclusions

In this paper, a multi-objective linear programming problem is
formulated to obtain the optimized operation strategies of a Dis-
tributed Energy System (DES) to reduce both the energy cost and
environmental impacts, while satisfying given time-varying user
demands. The Pareto front, consisting of the best possible trade-
offs between the daily energy cost and CO2 emission, is obtained
by minimizing a weighted sum of the economic and environmen-
tal objectives by using branch-and-cut. Results show that the
operation of the DES is sensitive to the weights assigned to the two
objectives. The operators of DESs can choose the operation strat-
egy from the Pareto front based on their cost and environmental
priorities. The contributions of each energy device in reducing energy
costs and CO2 emissions are evaluated by a sensitivity analysis. In

Fig. 8. a) Daily energy cost for Configurations 1–9 in the economic optimization;
b) Daily CO2 emission for Configurations 1–9 in the environmental impact
optimization.

Fig. 9. Pareto fronts for Configurations 3, 6, 8 and Reference case.
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addition, the Pareto fronts for different configurations of the DES
are also discussed. The optimized operation of the DES in the ref-
erence case allows to maximize the reduction in terms of costs (27%),
and CO2 emission (26%) as compared with conventional energy
supply systems.
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Nomenclature

A Area [m2]
c Constant in Eq. (16) [kgCO2/€]
COP Coefficient of performance
Cost Total energy cost [€]
�E Electricity rate [kW]

Ecin Carbon intensity of power grid [kgCO2/kWh]
Env Environmental impact [kgCO2]
Fobj Objective function
�G Natural gas volumetric flow rate [Nm3/h]

Gcin Carbon intensity of natural gas [kgCO2/kWh]
�GT Total solar irradiance [kW/m2]
�H Heating rate [kW]

H Thermal energy [kWh]
k Generation level of the energy device [kW]
LHVgas Lower heat value of gas [kWh/Nm3]
Pgas Natural gas price [€/Nm3]
Pgrid Electricity price [€/kWh]
�Q ICE ex, Heat rate made available by the exhaust gas [kW]

t Time [h]
x Binary decision variable

Greek symbols
Δt Length of the time interval [h]
η Efficiency
μ Percent heat loss rate of the internal combustion engine
ξ Internal combustion engine exhaust fraction
ω Weight in Eq. (16)

Superscript/Subscripts
abs Absorption chiller
boil Boiler
buy Bought
CCHP Combined cooling, heating and power
coll Collector
dem Demand
DHW Domestic hot water
di Directly provided by natural gas
e Electricity
ED Energy device
ex Exhaust gas
HP Heat pump
HR Heat recovery
ICE Internal combustion engine
in Input
max Maximum
min Minimum
out Output
SC Space cooling
SH Space heating
solar Solar
sto Thermal storage

Acronyms
CCHP Combined cooling, heating and power
DES Distributed Energy System
DHW Domestic hot water
ICE Internal combustion engine
SC Space cooling
SH Space heating
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