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Abstract: There is a big wave in China of retrofitting single-purpose coal-fired systems for district
heating into heat-oriented combined heat and power (CHP) systems to save energy. Back-pressure
steam turbines (BPSTs) and extraction steam turbines (ESTs) are both common in retrofitted systems,
but contrastive analyses of their effects on the systems’ operation performance are lacking. Moreover,
comprehensive evaluation methods of the retrofitted systems remain unknown. In this paper, exergy,
exergoeconomic, and exergoenvironmental analyses were conducted to evaluate the thermodynamic,
economic, and environmental performances of two real CHP systems: system A using a BPST and
system B using an EST. Additionally, a new multi-criteria evaluation method based on rank correlation
analysis was proposed for the retrofitted system. The results show that system A is better than system
B in thermodynamic and environmental aspects but poorer in the economic aspect. Overall, the
multi-criteria evaluation result indicates that system A has a better comprehensive performance than
system B. Therefore, the BPST has a better effect than the EST on the retrofitted CHP system for district
heating in this study. The findings could provide a reference point for retrofitting work in the future.

Keywords: district heating; retrofit; combined heat and power; comprehensive performance; evaluation

1. Introduction

In cold regions, energy use for space heating is far more than that for cooling due to
the large difference between indoor and outdoor temperatures [1,2]. Therefore, how to
achieve an energy-efficient heating mode and find an alternative source of fossil fuels have
attracted attention [3,4]. Developing countries, especially China, are still consuming ever
larger amounts of coal to drive their economic growth [5].

With China already committing to peak carbon dioxide emissions before 2030, the
government have released action plans that enable the peaking of emissions. It called for
accelerated efforts to better the building energy structures and bolster the development of
efficient district heating [6,7]. Considering the dominating position of coal-fired heating
plants in North China, most of the conventional plants are being forced to transform
themselves into combined heat and power (CHP) systems [8,9].

Exergy analysis has been accepted widely as an appropriate method to evaluate the
efficiency and performance of energy conversion systems. Particularly, the exergy analysis
of CHP systems has been a hot topic since Maldague [10] studied the exergies of a CHP
system. To improve a CHP system’s efficiency, Smith and Few [11] identified the energy
losses and found the inefficient parts of the system using the exergy analysis method. With
extensive use of it, some indicators were defined, such as the exergy efficiency, exergy
output, and exergy loss rate [12].

Coal-fired Rankine cycle CHP systems are one of the future directions of district
heating in regions that rely on coal as their major energy resource. In this respect, many
studies have been conducted based on the exergy method. Liao, Zhou, and Zhao [13,14]
calculated some key indicators of a coal-fired CHP system to assess its performance, and
the results showed that the exergy efficiency was 33%. In 2017, in a review of an exergy

Energies 2023, 16, 4539. https://doi.org/10.3390/en16124539 https://www.mdpi.com/journal/energies

https://doi.org/10.3390/en16124539
https://doi.org/10.3390/en16124539
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0003-4726-3927
https://doi.org/10.3390/en16124539
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en16124539?type=check_update&version=1


Energies 2023, 16, 4539 2 of 20

analysis of traditional coal-fired power plants, Kumar [15] gave an overview of the research
works about Rankine cycle CHP systems. It concluded that thermal recovery techniques
played a key role in improving efficiency and performance. Based on this conclusion,
Chen et al. [16] studied the effects of a back-pressure steam turbine (BPST) on a CHP
system, and the results showed that this high-pressure heating process gave a 17.39%
increase in the exergy efficiency. In addition, employing an extraction steam turbine (EST)
was demonstrated to be another way of enhancing thermal efficiency [17].

In a real system, its economic and environmental effects must be taken into account
seriously. Exergoeconomic and exergoenvironmental analyses were proposed to tackle
these problems. Exergoeconomic analysis combines thermodynamic and economic princi-
ples to define the actual production costs of each component and the overall system, while
exergoenvironmental analysis combines the principles of thermodynamics and Environics
to evaluate the environmental impacts [18]. Many studies have shown that exergoeconomic
analysis can accurately calculate the levelized exergy cost of an energy system, contributing
to cost savings on productivity. For example, Gao et al. [19] performed an exergoeconomic
analysis of a coal-fired CHP system. The results showed that the cost caused by the residue
exergies accounted for 7.5% in heating seasons and 10.4% in non-heating seasons. Because
much attention is paid to carbon emission reduction now, exergoenvironmental analysis has
been widely used. Meyer et al. [20] proposed this method and determined its framework
and steps. Though they only analyzed a high-temperature solid oxide fuel cell, exer-
goenviromental analysis could be applied to any energy conversion system. Keçebaş [21]
presented an exergoenvironmental analysis for a geothermal district heating system and
discussed the effect of the outdoor air temperature on the system’s environmental impact.
In some cases, exergoeconomic and exergoenvironmental analyses must be simultaneously
conducted to keep a system’s balance of the comprehensive performance [22,23].

According to the literature review, there are four main gaps in the evaluation of CHP
systems. First, almost all of the studies were based on simulation, and many impractical
configurations cannot reach the experimental research stage, let alone the application stage.
Their results lack the support of actual projects. Second, almost all of the CHP systems
involved in previous studies subordinated heat production to power generation, thereby
giving top priority to meeting the electricity demand. In contrast, there is virtually no anal-
ysis of heat-oriented CHP systems that preferentially satisfy building thermal demand. In
light of the characteristics, such as the fluctuation in the heating load [24], the CHP systems
in which power capacity is determined by heat supply should be analyzed based on the
exergy methods. Third, the thermodynamic, economic, and environmental performances
of CHP systems were separately evaluated. In fact, a comprehensive evaluation method
integrating them properly is lacking. Fourth, the BPST and the EST both demonstrated to
be effective equipment for improving thermal efficiency, but the question of which one of
the retrofitted CHP systems for district heating should employ is less clear.

To fill these gaps, this study aimed to perform exergy, exergoeconomic, and exergoen-
vironmental analyses on two real heat-oriented CHP systems. These two systems belong to
a retrofit scheme of a conventional district heating plant in Qingdao, China. Based on the
results of the analyses, a multi-criteria evaluation method was established to determine
which system had a better performance, and the suitability of the BPST and the EST for the
retrofitted system was discussed.

There are three novelties in this paper. First, all the data are from the real-time mainte-
nance and monitoring platforms of an actual project rather than simulation or experimental
models, which can improve reliability and authenticity. Second, the comprehensive perfor-
mance of the retrofitted CHP systems remains unknown, and therefore a new multi-criteria
evaluation method is proposed. Third, the contrastive analysis of the two different steam
turbines’ effects is conducted to demonstrate their suitability for the retrofitted systems.
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2. System Description

The coal-fired district heating plant came into service in the city of Qingdao in 2004,
covering a gross floor area of 2.07 m square meters. With the total length of the heat supply
pipelines spanning 470 km, it consumed approximately 0.15 m tons of coal each year. The
huge energy use led to severe economic and environmental issues. To save energy and
protect the environment, this single-purpose system has been retrofitted into two CHP
systems: system A with a BPST and system B with an EST (shown in Figure 1).
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Figure 1. Schematic diagrams of system A (a) and system B (b).

The two systems are both based on the Rankine cycle. They are identical except for
one thing: the BPST without steam extraction structures was installed in system A, while
the EST, with a single-extraction turbine, was installed in system B. Coal water slurry
(CWS) was selected as the clean alternative fuel for improving combustion efficiency and
reducing emissions.

This study was conducted in the two real CHP systems through a full-field investiga-
tion rather than simulation or experimental models. The systems operate steadily under the
rated conditions. Superheated steam is produced in the boiler and then drives the turbine
for electricity generation. In system A, exhaust steam flows into the heat exchanger to pro-
vide heat for residential space heating; however, in system B, it is the steam extracted from
the expanding process in the turbine that flows into the heat exchanger, and the exhaust
steam is cooled to liquid in the condenser. Finally, all of the cooled water is pumped into
the boiler to complete the cycle. In this paper, real operating data were obtained from the
monitoring systems, which can collect the temperature, pressure, and mass flow rate of
each state point, and the properties and the cost of the system components were collected
from their manufacturers.

3. Methodology

A comprehensive evaluation of the CHP systems should include three dimensions:
thermodynamics, economics, and Environics. There is broad consensus that appropriate
evaluation methods for each of them are exergy, exergoeconomic, and exergoenvironmean-
tal analyses, respectively [22]. Therefore, the multi-criteria evaluation in this paper is based
on the results of these three analyses.
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3.1. Exergy Analysis

Exergy analysis is a widely used, effective method to determine an energy conversion
system’s efficiency and irreversibility. The results can identify inefficient components
and seek means of improvement. On the other hand, it is the preliminary work for
exergoeconomic and exergoenvironmental analyses.

According to the coal component analysis conducted by the manufacturer, the exergy of
CWS, a mixed liquid fuel, can be calculated using the formula proposed by Yan and Wang [25]:

eCWS = Qy
L + 0.7Cy + 125.52Hy + 16.1Oy + 17.41Ny + 1.01Sy + 19.68Wy + 150 (1)

where e is a specific exergy value (kJ/kg); QL is the low calorific value of coal; C, H, O, N, and
S are the percentages of carbon, hydrogen, oxygen, nitrogen, and sulfur, respectively, in coal;
W is the percentage of water in CWS; and the superscript y denotes the as-received basis.

The systems in this study can be viewed as an incomplete thermodynamic equilibrium,
so only physical exergy needs to be considered. The exergy of a working medium in a
system can be calculated as follows:

e = (h − h0)− T0(s − s0) (2)

where h and s are a specific enthalpy (kJ/kg) and entropy [kJ/(K·kg)]; T is the temperature
(K); and the subscript 0 denotes the ambient condition.

The exergy flow rate at the kth point of the system can be expressed as follows:

.
Ek =

.
Mk × ek (3)

where
.

M is the mass flow rate (kg/s).
There are several exergy flows in or out of a component in the system, and they are

defined into three categories: fuel, product, and destruction [26]. Similarly to the law of the
conservation of energy, the exergy balance equation can be established for each component
in the system:

.
EF =

.
EP +

.
ED (4)

where
.

EF,
.

EP, and
.

ED are the fuel exergy, product exergy, and destroyed exergy, respectively
(MW).

The exergy efficiency, ε, is defined as:

ε =

.
EP

.
EF

(5)

Therefore, the equations for the components in the two systems are listed in Table 1.

3.2. Exergoeconomic Analysis

Economy principles are incorporated into the theory of thermodynamics in exergoeco-
nomic analysis, which can reflect the economic nature of energy conversion systems. The
capital cost of each component and the cost coupled with exergy flows should both be
accurately calculated in the analysis. Considering the total operation hours, the capital cost
should be converted to the levelized cost using the following formula [27]:

.
Z = Z· CRF·α

Ha·3600
(6)

where
.
Z is the levelized cost (USD/s); Z is the capital cost of each component (USD); α is

the maintenance coefficient being 1.06; Ha is the annual operation hours being 2000 h (the
two systems in this study operate only in winter for 2000 h per year); and CRF is the capital
recovery factor.
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Table 1. Exergy analyses of system A and system B.

Component
.

EF
.

EP
.

ED ε

System A

Boiler
.

E1 +
.

E2
.

E3 −
.

E7
.

E1 +
.

E2 +
.

E7 −
.

E3 −
.

E13

.
E3−

.
E7.

E1+
.

E2

Turbo-generator
.

E3 −
.

E4
.

E5
.

E3 −
.

E5 −
.

E4

.
E5.

E3−
.

E4

Heat exchanger
.

E4 −
.

E6
.

E9 −
.

E8
.

E4 +
.

E8 −
.

E9 −
.

E6

.
E9−

.
E8.

E4−
.

E6

Pump 1
.

E11
.

E7 −
.

E6
.

E11 +
.

E6 −
.

E7

.
E7−

.
E6.

E11

Pump 2
.

E12
.

E8 −
.

E10
.

E12 +
.

E10 −
.

E8

.
E8−

.
E10.

E12

System B

Boiler
.

E1 +
.

E2
.

E3 −
.

E7
.

E1 +
.

E2 +
.

E7 −
.

E3 −
.

E20

.
E3−

.
E7.

E1+
.

E2

Turbo-generator
.

E3 −
.

E4 −
.

E11
.

E5
.

E3 −
.

E5 −
.

E4 −
.

E11

.
E5.

E3−
.

E4−
.

E11

Heat exchanger
.

E4 −
.

E6
.

E9 −
.

E8
.

E4 +
.

E8 −
.

E9 −
.

E6

.
E9−

.
E8.

E4−
.

E6

Pump 1
.

E17
.

E7 −
.

E14
.

E17 +
.

E14 −
.

E7

.
E7−

.
E14.

E17

Pump 2
.

E18
.

E8 −
.

E10
.

E18 +
.

E10 −
.

E8

.
E8−

.
E10.

E18

Pump 3
.

E19
.

E13 −
.

E12
.

E19 +
.

E12 −
.

E13

.
E13−

.
E12.

E19

Condenser / /
.

E11 −
.

E12 /

The levelized cost here includes the accumulated depreciation cost and the mainte-
nance cost of the component. Thus, the CRF can be calculated as follows [27]:

CRF =
i·(1 + i)n

(1 + i)n − 1
(7)

where the discount rate is i = 0.0615, and the life cycle is n = 25 yr [28].
According to the plant’s asset ledger, the non-energy costs of components in the

two systems are listed in Table 2. Furthermore, the change in the exergy cost is accompanied
by the production or destruction of the exergy, and the cost balance equation for each
component is expressed as follows [29]:

∑
.

CF, k +
.

Zk = ∑
.

CP,k (8)

.
CF,k = cF,k ×

.
EF,k (9)

.
CP,k = cP,k ×

.
EP,k (10)

where
.

CF, k and
.

CP,k are the cost rates of the fuel exergy and product exergy of the kth
component (USD/s); cF,k and cP,k are the unit costs of the fuel and product of the kth
component (USD/GJ); and

.
Zk is the levelized cost of the kth component (USD/s).

Because the number of cost balance equations is not enough to obtain the solution,
auxiliary equations must be established in accordance with the following assumptions [30].
First, if an output flow of a component is a branch of any input flow, the exergy costs of the
two flows are equal. Second, if a product of a component consists of more than one flow,
these output flows have the same exergy cost. Therefore, the cost balance and auxiliary
equations of the components are shown in Table 3, and the number of equations equals the
number of unknown variables. Moreover, the airflow into the boiler is considered free, and
the unit cost of the CWS from the manufacturer is 0.5 USD/s.
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Table 2. Non-energy cost of each component in system A and system B.

Component Z (USD)
.
Z (USD/s)

System A

Boiler 2,038,806.0 0.024
Turbo-generator 626,865.7 0.007
Heat exchanger 109,552.2 0.001
Pump 1 247,700.6 0.003
Pump 2 637,800.4 0.007

System B

Boiler 2,038,806.0 0.024
Turbo-generator 1,432,835.8 0.017
Heat exchanger 97,029.8 0.001
Pump 1 59,700.1 0.0007
Pump 2 637,800.4 0.007
Pump 3 22,380.8 0.0003
Condenser 76,607.6 0.0009

Table 3. Exergy cost balance and auxiliary equations for the components in the two systems.

Component Cost Balance Auxiliary Relation

System A

Boiler c1
.

E1 + c2
.

E2 + c7
.

E7 +
.

Zb = c3
.

E3 + c13
.

E13 c2 = c13 = 0; c1
.

E1 = 0.5 USD/s
Turbo-generator c3

.
E3 +

.
Ztg = c5

.
E5 + c4

.
E4 c3 = c4; c5 = c11

Heat exchanger c4
.

E4 + c8
.

E8 +
.

Zhe = c6
.

E6 + c9
.

E9 c8 = c9

Pump 1 c11
.

E11 + c6
.

E6 +
.

Zp1 = c7
.

E7 c12 = c11

Pump 2 c12
.

E12 + c10
.

E10 +
.

Zp2 = c8
.

E8 c9 = c10

System B

Boiler c1
.

E1 + c2
.

E2 + c7
.

E7 +
.

Zb = c3
.

E3 + c20
.

E20 c2 = c20 = 0; c1
.

E1 = 0.5 USD/s
Turbo-generator c3

.
E3 +

.
Ztg = c5

.
E5 + c4

.
E4 + c11

.
E11 c3 = c4 = c11; c5 = c17

Heat exchanger c4
.

E4 + c8
.

E8 +
.

Zhe = c6
.

E6 + c9
.

E9 c8 = c9

Pump 1 c17
.

E17 +
.

Zp1 = c7
.

E7 − c14
.

E14 c17 = c18

Pump 2 c18
.

E18 +
.

Zp2 = c8
.

E8 − c10
.

E10 c9 = c10

Pump 3 c19
.

E19 +
.

Zp3 = c13
.

E13 − c12
.

E12 c19 = c18

Condenser c11
.

E11 − c12
.

E12 +
.

Zc = c16
.

E16 − c15
.

E15 c16
.

E16 = 0.03 USD/s; c15 = c16; c11 = c12

In the retrofit process, because the non-energy cost of existing equipment would barely
change, the lower exergy loss cost indicates better economic performance. Therefore, the
exergoeconomic factor, fc, is selected to reflect the proportions of the non-energy cost and
the exergy destruction cost [29]:

fc,k =

.
Zk

.
Zk +

.
CD,k

(11)

.
CD,k = cF,k ×

.
ED,k (12)

where
.

CD,k is the cost rate related to the exergy destruction in the kth component.

3.3. Exergoenvironmental Analysis

Environmental performance now plays a more and more important role in the com-
prehensive evaluation of a CHP system because of increasingly serious emission problems.
The principles of exergoenvironmental analysis and exergoeconomic analysis are essentially
similar. The components’ environmental impacts, which can be calculated using the life
cycle assessment [31], are allocated to the exergy flows. A component’s environmental
impacts in its life cycle consist of three parts [20]:

.
Y =

.
Y

CO
+

.
Y

OM
+

.
Y

DI
(13)
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where
.

Y
CO

,
.

Y
OM

, and
.

Y
DI

are the construction, operation and maintenance, and disposal
environmental impacts, respectively (mPts/s). Pts is an eco-indicator unit used for the
standardization and quantification of environmental impacts.

Major ingredients, weights, and production processes of equipment are necessary
for calculating the environmental impacts. Unlike simulation models in most studies,
the manufacturers can clearly provide the information in this paper. According to the
methods reported by Cavalcanti [22], the main materials’ environmental impacts are shown
in Table 4, and the environmental impacts of the components in the two systems are listed
in Table 5.

Table 4. Eco-indicator of materials of system components.

Material Eco-Indicator (mPts/s)

Steel 86
Steel low alloy 110
Steel high alloy 910
Cast iron 240
Copper 1400
Aluminum alloy 780

Table 5. Environmental impacts of the components in the two systems.

Component Material Composition Material
(mPts/kg)

Process
(mPts/kg)

Disposal
(mPts/kg)

Weight
(t)

Total
(Pts)

.
Y
(mPts/s)

System A

Boiler Steel 20%; Steel high alloy
70%; Steel low alloy 10%; 745 20 −70 705 489,975 2.722

Turbo-generator
Steel 20%; Steel high alloy
30%; Cast iron 35%; Copper
10%; Aluminium alloy 5%

553 17 −70 56 28,000 0.156

Heat exchanger Steel 67%; Copper 33% 519 12 −70 49 22,440 0.125
Pump 1 Steel 35%; Cast iron 65% 186 17 −70 4 532 0.003
Pump 2 Steel 35%; Cast iron 65% 186 17 −70 10 1330 0.007

System B

Boiler Steel 20%; Steel high alloy
70%; Steel low alloy 10%; 745 20 −70 705 489,975 2.722

Turbo-generator
Steel 13%; Steel high alloy
37%; Cast iron 30%; Copper
10%; Aluminium alloy 10%

638 17 −70 76 44,460 0.247

Heat exchanger Steel 67%; copper 33% 519 12 −70 46 21,206 0.118
Pump 1 Steel 35%; Cast iron 65% 186 17 −70 4 532 0.003
Pump 2 Steel 35%; Cast iron 65% 186 17 −70 10 1330 0.007
Pump 3 Steel 35%; Cast iron 65% 186 17 −70 3 399 0.002
Condenser Steel 100% 86 12 −70 28 784 0.004

Analogously to the exergoeconomic analysis, there is the environmental impact bal-
ance equation for each component, shown as follows:

∑
.

BF,k +
.

Yk = ∑
.

BP,k (14)

.
BF,k = bF,k ×

.
EF,k (15)

.
BP,k = bP,k ×

.
EP,k (16)

where
.

BF, k and
.

BP,k are the environmental impact rates of the fuel exergy and product
exergy of the kth component (mPts/s); bF,k and bP,k are the unit environmental impacts of
the fuel and product of the kth component (mPts/GJ); and

.
Yk is the levelized environmental

impacts of the kth component (mPts/s).
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The environmental impact balance equations and their auxiliary equations of system
components are listed in Table 6. The environmental impact value of the CWS (b1) is
derived from the component analysis conducted by the manufacturer.

Table 6. Environmental impact balance and auxiliary equations for each system component.

Component Environmental Impact Balance Auxiliary Relation

System A

Boiler b1
.

E1 + b2
.

E2 + b7
.

E7 +
.

Yb = b3
.

E3 + b13
.

E13
b1 = 1335 mPts/GJ;
b2 = b13 = 0

Turbo-generator b3
.

E3 +
.

Ytg = b5
.

E5 + b4
.

E4 b3 = b4; b5 = b11

Heat exchanger b4
.

E4 + b8
.

E8 +
.

Yhe = b6
.

E6 + b9
.

E9 b8 = b9

Pump 1 b11
.

E11 + b6
.

E6 +
.

Yp1 = b7
.

E7 b12 = b11

Pump 2 b12
.

E12 + b10
.

E10 +
.

Yp2 = b8
.

E8 b9 = b10

System B

Boiler b1
.

E1 + b2
.

E2 + b7
.

E7 +
.

Yb = b3
.

E3 + b20
.

E20
b1 = 1335 mPts/GJ;
b2 = b20 = 0

Turbo-generator b3
.

E3 +
.

Ytg = b5
.

E5 + b4
.

E4 + b11
.

E11 b3 = b4 = b11; b5 = b17

Heat exchanger b4
.

E4 + b8
.

E8 +
.

Yhe = b6
.

E6 + b9
.

E9 b8 = b9

Pump 1 b17
.

E17 +
.

Yp1 = b7
.

E7 − b14
.

E14 b17 = b18

Pump 2 b18
.

E18 +
.

Yp2 = b8
.

E8 − b10
.

E10 b9 = b10

Pump 3 b19
.

E19 +
.

Yp3 = b13
.

E13 − b12
.

E12 b19 = b18

Condenser b11
.

E11 − b12
.

E12 +
.

Yc = b16
.

E16 − b15
.

E15 b15 = b16 = 0; b11 = b12;

In addition, the relative environmental impact difference, re, is selected to reflect
a component’s potential for improvement in terms of environmental friendliness and
expressed as follows [20]:

re,k =
bP,k − bF,k

bF,k
(17)

In the retrofit process, because existing equipment needs to be retained to save the
cost, the component-related environmental impacts are almost unchanged. Therefore, the
environmental impacts related to exergy destruction should be kept as small as possible.
The exergoenvironmental factor, fb, is selected to determine the sources of environmental
impacts in a component. This variable reflects the relative contribution of environmental
impacts related to a component, which is given by [20]:

fb,k =

.
Yk

.
Yk +

.
BD,k

(18)

.
BD,k = bF,k ×

.
ED,k (19)

where
.

BD,k is the environmental impact rate related to exergy destruction.

3.4. Multi-Criteria Evaluation

After evaluating the performances in thermodynamics, economics, and environics, we
should obtain a comprehensive result involving these three aspects. To this end, we devised
the district heating index (DHI) for the multi-criteria evaluation of the heat-oriented CHP
systems, shown as follows:

DHI = ω1ε + ω2 fc + ω3 fb (20)

where ω1, ω2, and ω3 are weightings of the system’s exergy efficiency, exergoeconomic
factor, and exergoenvironmental factor, respectively. The DHI follows the principle that
bigger is better because ε, f c, and f b are all larger, desirable responses.



Energies 2023, 16, 4539 9 of 20

Due to the carbon reduction initiatives of the Chinese government, the environmental
friendliness of a district’s heating system has been given a top priority at the sacrifice of its
economy. Therefore, subjective weighting methods are appropriate in this paper, and the
rank correlation analysis (RCA) was selected to determine the weightings, which are based
on the analytical hierarchy process method [31]. Comparatively, RCA has an advantage in
simplicity and can accurately reflect the policy support and experts’ preferences.

If there are several evaluation factors, a1, a2, . . . , an, and their importance ranking is
a1 > a2 > . . . > an, the relative importance between aj−1 and aj can be calculated as:

rj =
aj−1

aj
, j = n, n − 1, n − 2, . . . , 3, 2 (21)

where rj is the relative importance of adjacent factors, and the possible values are listed in
Table 7.

Table 7. Values of relative importance of adjacent factors.

rj Meaning

1.0 aj−1 is as important as aj
1.2 aj−1 is a bit more important than aj
1.4 aj−1 is more important than aj
1.6 aj−1 is far more important than aj
1.8 aj−1 is extremely more important than aj

After the important ranking and the relative importance are determined, the weight-
ings can be calculated as [32]:

ωn =
1

1 + ∑n
j=2 ∏n

i=j ri
(22)

ωj−1 = rj × ωj (23)

where ωj is the weighting of the factor aj.

4. Results and Discussion

According to the operational monitoring system of the district heating plant, the state
properties of system A and system B are listed in Table 8.

Table 8. State properties of system A and B.

State Point T (◦C) p (kPa)
.

M (kg/s)
.
E (MW)

System A

1 5.0 101.3 3.61 110.870
2 5.0 101.3 54.81 0.000
3 435.0 4900.0 40.28 56.044
4 288.0 980.0 40.28 18.617
5 / / / 36.000
6 178.9 980.0 40.28 6.400
7 179.1 4900.0 40.28 6.967
8 33.1 400.0 994.10 5.735
9 43.0 400.0 994.10 10.441
10 33.0 100.0 994.10 3.951
11 / / / 1.000
12 / / / 2.550
13 5.0 101.3 58.42 0.000
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Table 8. Cont.

State Point T (◦C) p (kPa)
.

M (kg/s)
.
E (MW)

System B

1 5.0 101.3 3.61 110.870
2 5.0 101.3 54.81 0.000
3 450.0 4900.0 54.92 77.982
4 265.0 981.0 33.33 34.420
5 / / / 30.000
6 179.1 981.0 33.33 5.554
7 121.6 4900.0 54.92 4.711
8 33.1 400.0 994.10 5.735
9 43.0 400.0 994.10 10.441
10 33.0 100.0 994.10 3.951
11 29.3 4.1 21.59 4.336
12 29.3 4.1 21.59 0.085
13 29.5 981.0 21.59 0.124
14 121.4 981.0 54.92 4.480
15 5.0 101.3 833.22 0.000
16 20.0 101.3 833.22 1.157
17 / / / 0.330
18 / / / 2.550
19 / / / 0.060
20 5.0 101.3 58.42 0.000

4.1. Exergy Performance
4.1.1. Exergy Efficiency

Figure 2 shows the exergy efficiencies of the components in systems A and B. The
common features of these two systems are that each turbo-generator offers the highest
efficiency and that each heat exchanger has the lowest efficiency. The exergy efficiencies of
the BPST and the EST reach 96.2% and 76.5%, while the heat exchangers in system A and in
system B have relatively low exergy efficiencies of 38.5% and 16.3%, respectively. Therefore,
possibly because of the lack of proper maintenance, effective intervention is necessary
for the performance improvement of the heat exchangers. In addition, the BPST’s exergy
efficiency is 20.5% higher than the EST’s in the rated operating mode, where the heating
demand is matched constantly by the supply. This would imply the BPST’s advantage in
system efficiency when the heating supply is constant. There is also an obvious difference
in that the exergy efficiency of the boiler in system B is 33.0% higher than that of the
boiler in system A, which indicates that changes in other system components can influence
the boiler’s performance. To sum up, with the same calculation method, the total exergy
efficiencies of system A and system B are 37.1% and 32.1%, respectively.
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4.1.2. Exergy Loss

The total exergy losses of system A and system B are 71.930 MW and 76.122 MW,
respectively, and Figure 3 shows the proportion of each component’s exergy destruction in
the total exergy loss. Each boiler in the two systems accounts for the largest proportion.
Because system A has a simpler configuration and fewer components than system B,
its boiler’s exergy destruction percentage reaches 85.91%, significantly higher than the
49.39% in system B. Therefore, regardless of the type of turbo-generator, a CHP system’s
improvement in efficiency should focus on the boiler. In both systems, the second largest
exergy destruction proportion exists in each heat exchanger, 10.44% in system A and 31.74%
in system B. This result highlights the necessity of improving the efficiency of the heat
exchange, mainly by means of frequent maintenance and cleaning. In contrast, each pump
has the smallest exergy destruction. This is largely due to the fact that pumps are essentially
high-efficiency energy conversion devices that are driven directly by electricity.
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4.2. Exergoeconomic Performance
4.2.1. Exergy Cost

The results of the exergoeconomic analysis are listed in Table 9. The costs of hot water
for district heating and electricity are 10.11 USD/GJ and 13.77 USD/GJ in system A, while
the costs in system B are 18.32 USD/GJ and 9.47 USD/GJ, respectively. These two systems
do not make much difference in the total product cost, and this may be because they have
the same suppliers of equipment and fuel. Similarly, the total cost rates of the exergy
destruction in system A and system B are 0.32 USD/s and 0.37 USD/s, respectively.

Table 9. Cost per exergy unit at each point.

State Point Exergy Cost (USD/GJ)

System A

c1 4.49
c2 0.00
c3 13.12
c4 13.12
c5 13.77
c6 31.14
c7 30.61
c8 10.11
c9 10.11
c10 10.11
c11 13.77
c12 13.77
c13 0.00
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Table 9. Cont.

State Point Exergy Cost (USD/GJ)

System B

c1 4.51
c2 0.00
c3 6.80
c4 6.80
c5 9.47
c6 28.10
c7 1.28
c8 18.32
c9 18.32
c10 18.32
c11 6.80
c12 6.80
c13 33.43
c14 0.49
c15 25.47
c16 25.47
c17 9.47
c18 9.47
c19 9.47
c20 0.00

4.2.2. Exergoeconomic Factor

The exergoeconomic factor shows the proportion of the equipment cost in a compo-
nent’s total costs. Because the equipment was retained as much as possible in the retrofit
process, the equipment cost had already been determined and had no room for reduction.
Therefore, a higher exergoeconomic factor indicates a lower exergy destruction cost and
better exergoeconomic performance. On the contrary, a lower exergoeconomic factor means
that proper intervention should be given to reduce exergy destruction for cutting costs.

The exergoeconomic factors of the components in the two systems are shown in
Figure 4. All the pumps have values higher than 0.3, and the exergoeconomic factor of
pump 3 in system B reaches 0.6. This can be explained, in part, by their high exergy efficien-
cies based on good leak-proof quality and frequent maintenance from the manufacturer.
In contrast, the exergoeconomic factors of all the steam-water heat exchangers, including
the condenser in system B, are extremely small. This can be demonstrated by their low
exergy efficiencies found in the exergy analysis. Here, we can infer that the heat exchangers
in the plant have fallen into disrepair. To cut down on the operating cost, improvement
intervention must be given to them in the first place. In addition, the exergoeconomic
factors of the BPST in system A and the EST in system B are 0.27 and 0.21, both lower
than 0.3, indicating that exergy destruction is the dominant cost source. On the whole,
the exergoeconomic factors of system A and system B are 0.115 and 0.122, respectively.
With the purpose of retrofitting rather than new construction, the economic performance of
system B is slightly better than that of system A.

4.3. Exergoenvironmental Performance
4.3.1. Environmental Impacts of Flows

The results of the exergoenvironmental analysis are listed in Table 10. The envi-
ronmental impacts of hot water for district heating and electricity are 5228 mPts/GJ
and 3617 mPts/GJ in system A, while the impacts in system B are 5609 mPts/GJ and
3665 mPts/GJ, respectively. As the total environmental impacts accumulate, the largest
value occurs in the state of point 7, the end of the Rankin cycle, and they reach 6365 mPts/GJ
and 16706 mPts/GJ in system A and system B, respectively. The fact that system B is more
complex than system A, additionally including a condenser and a pump, makes this
big difference.
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Table 10. Environmental impacts per exergy unit.

State Point Environmental Impacts (mPts/GJ)

System A

b1 1335
b2 0
b3 3477
b4 3477
b5 3617
b6 6287
b7 6365
b8 5228
b9 5228
b10 5228
b11 3617
b12 3617
b13 0

System B

b1 1335
b2 0
b3 2791
b4 2791
b5 3665
b6 12,662
b7 16,706
b8 5609
b9 5609
b10 5609
b11 2791
b12 2791
b13 3826
b14 16,204
b15 0
b16 0
b17 3665
b18 3665
b19 3665
b20 0

4.3.2. Relative Difference

The relative difference is an indicator that quantifies the improvement potential of
the components in terms of their environmental performance. A higher value of relative
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difference indicates a higher potential for reducing the environmental impacts of the
corresponding component. In other words, its environmental impacts can be reduced more
easily than those of the component with a lower value. From Figure 5, the boiler in system
A has the highest potential, while the environmental impacts of pump 1 in system B can be
reduced with the smallest effort. It should be noted that the value of pump 1 in system B
is significantly higher than other pumps in the two systems. This unexpected result may
be explained by its different structure (a horizontal centrifugal) from the other pumps (a
vertical centrifugal). In addition, the EST has a relative difference of 0.31, but the BPST’s
value is only 0.04. This difference emphasizes the ESTs’ flexibility in heating load control,
and its different extraction modes would result in different environmental impacts.

Energies 2023, 16, x FOR PEER REVIEW 15 of 21 
 

 

be explained by its different structure (a horizontal centrifugal) from the other pumps (a 
vertical centrifugal). In addition, the EST has a relative difference of 0.31, but the BPST’s 
value is only 0.04. This difference emphasizes the ESTs’ flexibility in heating load control, 
and its different extraction modes would result in different environmental impacts. 

 
Figure 5. Relative difference of each component. 

4.3.3. Environmental Impacts of Components 
The environmental impact rates caused by exergy destruction in system A and in 

system B are 128.618 mPts/s and 277.728 mPts/s, respectively. At the component level, the 
values of this variable are shown in Figure 6. The environmental impacts of the boilers 
and heat exchangers account for the major portion, and the heat exchanger in system B 
has the largest value of 186.672 mPts/s. However, all the pumps have extremely low envi-
ronmental impacts, owing to their high exergy efficiency and small exergy destruction. In 
addition, the value of the EST (25.750 mPts/s) is approximately five times higher than the 
BPST’s (4.962 mPts/s), which reflects the larger exergy destruction in the EST. 

 
Figure 6. Environmental impacts of exergy destruction in each component. 

Figure 5. Relative difference of each component.

4.3.3. Environmental Impacts of Components

The environmental impact rates caused by exergy destruction in system A and in
system B are 128.618 mPts/s and 277.728 mPts/s, respectively. At the component level, the
values of this variable are shown in Figure 6. The environmental impacts of the boilers
and heat exchangers account for the major portion, and the heat exchanger in system B
has the largest value of 186.672 mPts/s. However, all the pumps have extremely low
environmental impacts, owing to their high exergy efficiency and small exergy destruction.
In addition, the value of the EST (25.750 mPts/s) is approximately five times higher than
the BPST’s (4.962 mPts/s), which reflects the larger exergy destruction in the EST.

Relatively speaking, the component-related environmental impacts are quite small
or can even be negligible, which are shown in Figure 7. The values of the two boilers
are significantly greater than those of the other components’ values, and the pumps and
the condenser have extremely low values. This variable is influenced mainly by the
equipment’s weight and the material’s composition. In practice, the boilers account for the
largest portion, both in weight and volume, and their structure is also the most complex,
leading to large environmental impacts in the delivery and installation processes. The
second and third largest component-related environmental impacts occur in the turbo-
generators and heat exchangers, but they are also not comparable to the boilers.



Energies 2023, 16, 4539 15 of 20

Energies 2023, 16, x FOR PEER REVIEW 15 of 21 
 

 

be explained by its different structure (a horizontal centrifugal) from the other pumps (a 
vertical centrifugal). In addition, the EST has a relative difference of 0.31, but the BPST’s 
value is only 0.04. This difference emphasizes the ESTs’ flexibility in heating load control, 
and its different extraction modes would result in different environmental impacts. 

 
Figure 5. Relative difference of each component. 

4.3.3. Environmental Impacts of Components 
The environmental impact rates caused by exergy destruction in system A and in 

system B are 128.618 mPts/s and 277.728 mPts/s, respectively. At the component level, the 
values of this variable are shown in Figure 6. The environmental impacts of the boilers 
and heat exchangers account for the major portion, and the heat exchanger in system B 
has the largest value of 186.672 mPts/s. However, all the pumps have extremely low envi-
ronmental impacts, owing to their high exergy efficiency and small exergy destruction. In 
addition, the value of the EST (25.750 mPts/s) is approximately five times higher than the 
BPST’s (4.962 mPts/s), which reflects the larger exergy destruction in the EST. 

 
Figure 6. Environmental impacts of exergy destruction in each component. Figure 6. Environmental impacts of exergy destruction in each component.

Energies 2023, 16, x FOR PEER REVIEW 16 of 21 
 

 

Relatively speaking, the component-related environmental impacts are quite small 
or can even be negligible, which are shown in Figure 7. The values of the two boilers are 
significantly greater than those of the other components’ values, and the pumps and the 
condenser have extremely low values. This variable is influenced mainly by the equip-
ment’s weight and the material’s composition. In practice, the boilers account for the larg-
est portion, both in weight and volume, and their structure is also the most complex, lead-
ing to large environmental impacts in the delivery and installation processes. The second 
and third largest component-related environmental impacts occur in the turbo-generators 
and heat exchangers, but they are also not comparable to the boilers. 

 
Figure 7. Component-related environmental impacts in each component. 

4.3.4. Exergoenvironmental Factor 
The exergoenvironmental factor presents the proportions of the component-related 

impacts and the exergy destruction impacts (shown in Figure 8). It is obvious that exergy 
destruction is the main cause of environmental impacts for all the components, and all 
exergoenviromental factors are below 0.1. Therefore, it is certain that efforts to improve 
environmental performance should focus on enhancing the components’ exergy efficien-
cies. It should be noted that, except for the newly added turbo-generators, components in 
the two systems are unchanged in the retrofit process. Because the component-related en-
vironmental impacts are fixed, a higher environmental factor indicates better perfor-
mance. On the whole, the exergoenvironmental factors of system A and system B are 0.023 
and 0.011, respectively. 

Figure 7. Component-related environmental impacts in each component.

4.3.4. Exergoenvironmental Factor

The exergoenvironmental factor presents the proportions of the component-related
impacts and the exergy destruction impacts (shown in Figure 8). It is obvious that exergy
destruction is the main cause of environmental impacts for all the components, and all
exergoenviromental factors are below 0.1. Therefore, it is certain that efforts to improve
environmental performance should focus on enhancing the components’ exergy efficien-
cies. It should be noted that, except for the newly added turbo-generators, components
in the two systems are unchanged in the retrofit process. Because the component-related
environmental impacts are fixed, a higher environmental factor indicates better perfor-
mance. On the whole, the exergoenvironmental factors of system A and system B are
0.023 and 0.011, respectively.
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4.4. Comprehensive Performance

In the RCA method, the relative importance is determined by consulting experts and
following government policies. With increasing environmental awareness, it is widely
believed that environmental performance is far more important than economic perfor-
mance (r = 1.6), and economic performance is a bit more important than thermodynamic
performance (r = 1.2). Therefore, the weightings in the DHI are determined and can be
given as:

DHI = 0.47ε + 0.29 fc + 0.24 fb (24)

The analytic hierarchy process (AHP) method provides a rational framework for a
needed decision by quantifying its criteria and alternative options and for relating those
elements to the overall goal. RCA is an advanced method developed from the conventional
AHP, which can be used to determine subjective weights. The three weights in Equation (24)
partly depend on government policy requirements and expertise, but a single subjective
method may lead to unrealistic results. Bringing an objective method into the decision-
making process can remedy the problem.

Finally, the DHIs of system A and system B are 0.21 and 0.19, respectively. According
to the larger desirable responses of ε, f c, and f b, the comprehensive performance of system
A is better than system B’s, and at the same time, the BPST is more suitable than the EST
for the heat-oriented CHP system in this paper.

To our knowledge, the BPST is inflexible in operation, and its power output is influ-
enced by the heat supply. The systems in this study operated under a constant heating
load for buildings, with no need for dynamic regulation. As a result, the BPST had a better
performance by virtue of its simple structure and stability in this study. However, the EST
would surpass the BPST once the systems operated under dynamic heating loads. This
should be demonstrated by future studies.

4.5. Limitations and Future Directions
4.5.1. Some Assumptions

Compared with previous studies, this paper is based on an actual district heating
system rather than simulation models. However, there are also some assumptions for the
feasible solution. First, the heat dissipation of heating pipe networks is not taken into
account. Considering the very long length of the heating supply pipelines, leakage is
inevitable, and the proportion of heat loss is around 5.2%. This assumption could lead to a
reduction in exergy costs and environmental impacts, as well as higher exergy efficiencies.
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Second, the system operation is steady, and the equipment is in rated running con-
ditions. In fact, the heating demand of buildings changes with the changing outdoor air
temperature, but the relationship between the changing heating load and the comprehen-
sive system’s performance is not explored in this study. This assumption made the results
not related to time, which could not reflect the indicators’ real changes over a long period
of time. Therefore, we cannot find the optimal state of the running system in this study.
Dynamic studies on this kind of system are urgently needed, especially on the changes of
key indicators under different thermal loads.

Third, the pressure loss in the components is also not taken into account, which may
influence the specific exergy at each state point. This assumption could lead to a higher
exergy efficiency and a lower cost. To some extent, these assumptions affect the accuracy of
the analyses but have been demonstrated to be reasonable in this research field [33] and
also in this study.

4.5.2. Allocation Principles of the Costs and Environmental Impacts

The auxiliary equations in the exergoeconomic and exergoenvironmental analyses are
constructed based on two aforementioned principles. The problem here is that the costs per
exergy unit with different temperatures are constant, such as c3 = c4, and it is contradictory
to the basic economic principle that a higher temperature energy flow has a higher price.
The same problem also exists in the exergoenviromental analysis. To our knowledge, there
is no better method now for allocation, and this study still uses the conventional allocation
method. To improve the accuracy of the results, a new cost and environmental impact
allocation method needs to be proposed in future studies.

As for their impact, the conventional methods cannot reflect the variation of the unit
exergy cost along with the energy quality and often lead to an unreasonable result that the
price of low-grade energy is higher than that of high-grade. It is more reasonable that the
unit exergy cost of power is higher than that of heat, but in this study, some results were
unrealistic, such as c5 < c6.

4.5.3. Back-pressure Steam Turbine or Extraction Steam Turbine

The BPST and the EST are both common in Rankin CHP systems. Because steam
can be extracted from the turbine before flowing through the last stage, the EST has an
advantage in the flexibility of heat supply [34]. Moreover, extracted steam can be used to
improve the efficiency of a Rankin cycle. However, the exergy efficiency of the BPST is
found to be 20.5% higher than that of the EST in this study. To understand this disparity, we
must keep in mind that the two systems operate in standard conditions where the heating
load of buildings is constant. Therefore, the finding that the BPST is more suitable than
the EST for district heating is limited. Their performance with the dynamic heating load
should be investigated in future studies.

5. Conclusions

There are plenty of conventional coal-fired district heating plants that urgently need
to be retrofitted into CHP systems to save energy. The aim of this study is to provide a
reference point for them based on an actual project rather than on the simulation models in
previous studies. Three conclusions are drawn as follows.

First, the exergy efficiency of system A is higher than that of system B, which indi-
cates the better thermodynamic performance of system A. System B has better economic
performance than system A, demonstrated by the fact that the exergoeconomic factor of
system B is larger than that of system A. The exergoenvironmental factors of system A and
system B are 0.023 and 0.011, and the higher value of 0.023 means the better environmental
performance of system A.

Second, the proposed evaluation method, focusing more on environmental perfor-
mance, is validated through this case study. System A is better than system B in the
comprehensive performance because system A’s DHI (0.21) is higher than system B’s (0.19).
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Third, the BPST has a better effect than the EST on the comprehensive operation
performance of the retrofitted heat-oriented CHP system for district heating in this study.
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Nomenclature

Abbreviations
CHP combined heat and power
BPST back-pressure steam turbine
EST extraction steam turbine
CWS coal water slurry
CRF capital recovery factor
DHI district heating index
RCA rank correlation analysis
B boiler
TG turbo-generator
HE heat exchanger
P pump
C condenser
AHP analytic hierarchy process
Symbols
QL low calorific value of coal (kJ)
C percentage of carbon in coal (%)
H percentage of hydrogen in coal (%)
O percentage of oxygen in coal (%)
N percentage of nitrogen in coal (%)
S percentage of sulfur in coal (%)
W percentage of water in CWS (%)
e exergy (kJ/kg)
h enthalpy (kJ/kg)
s entropy (kJ/(kg·K))
T temperature (K)
.
E exergy rate (MW)
.

M mass flow rate (kg/s)
ε exergy efficiency (%)
.
Z levelized cost (USD/s)
Z capital cost (USD)
α maintenance coefficient
Ha annual operation hours (h)
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i discount rate (%)
n life cycle (yr)
.
C cost rate (USD/s)
c cost per exergy unit (USD/GJ)
fc exergoeconomic factor
.

Y environmental impact of component (mPts/s)
.
B environmental impact rate (mPts/s)
b environmental impact per exergy unit (mPts/GJ)
re relative environmental impact difference
fb exergoenvironmental factor
ω weighting in DHI
r relative importance
a evaluation factor
Superscripts
y as-received basis
CO construction
OM operation and maintenance
DI disposal
Subscripts
0 ambient condition
k kth conponent
F fuel
P product
D destruction
j jth evaluation factor
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