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Abstract: The combined heating and power (CHP) system with turbine-driving fans and pumps is
more efficient and economical in meeting heat demand in cold areas, however, there are no detailed
studies that investigate its thermodynamic performance, improvement possibilities and economy.
In this paper, the energy, exergy and economic analysis of a CHP system with turbine-driving fans and
pumps operated in Northeast China were conducted to provide insights into improvement options.
It is revealed that the boiler is the main source of exergy destruction, followed by the steam-water heat
exchangers (SWHE), temperature and pressure reducer (TPR), turbines, and deaerator. The energy
and exergy efficiencies of the system are 89.72% and 10.07%, while the boiler’s are 84.89% and 30.04%.
The thermodynamic performance of the boiler and turbines are compared with other studies, and the
inefficiencies of major components are analyzed and some advice for further improvement is given.
As the reference state changes, the main conclusions stay the same. The turbine-driving mode saves
an electricity cost of 16,654.08 yuan on 15 December 2018. The effect of electricity price and on-grid
price on the saved daily electricity cost is investigated and it proves that the turbine-driving mode is
more economical in China.
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1. Introduction

Energy consumption is increasing dramatically with the explosive population growth,
urbanization, industrialization, and technical advancement. This fast-upward situation brings about
some vital issues such as energy crisis and environmental contamination. As the energy demand is
still dominated by fossil energy, solving the contradiction between fossil energy consumption and
environmental pollution can be achieved mainly in two ways: growing alternative energy resources,
especially renewable ones, and improving the energy utilization efficiencies of fossil fuels [1]. The latter
is a cheaper, faster and easier way to realize this task.

For improving the energy utilization efficiencies of fossil fuels, the thermodynamic performances of
equipment and systems need to be evaluated. Usually, the thermodynamic performances of equipment
and systems are investigated by energy standards based on the first law of thermodynamics. In the
past several decades, exergy analysis has been developed based on the second law of thermodynamics
and proved as an effective way to evaluate the thermodynamic performances of systems as it can not
only detect the causes, location, and magnitudes of irreversibility in the system but also highlight
the improvement potential of components [2]. These points are the major difference between exergy
analysis and energy analysis. Therefore, performing exergy and energy analyses together for a system
can provide an all-round depiction of the system characteristics.

Energies 2020, 13, 878; doi:10.3390/en13040878 www.mdpi.com/journal/energies

http://www.mdpi.com/journal/energies
http://www.mdpi.com
https://orcid.org/0000-0003-4218-7697
https://orcid.org/0000-0001-6848-2219
http://www.mdpi.com/1996-1073/13/4/878?type=check_update&version=1
http://dx.doi.org/10.3390/en13040878
http://www.mdpi.com/journal/energies


Energies 2020, 13, 878 2 of 22

Energy and exergy analyses are widely used and have been applied to many fields such as thermal
power plants [3–7], hybrid energy systems [8–11], polygeneration systems [12–16], the manufacturing
sector [17–19], the food processing industry [20–23] and district heating systems [24–27] to explore better
energy production, transmission, and utilization solutions and determine the links to improvement.
Among them, combined heating and power (CHP) is one of the important ways to optimize energy
utilization, which has considerable advantages, including high efficiency in use and conversion of
primary energy, improving the economy of fuels, creating competitive conditions for thermal power
market and reducing greenhouse gas emissions. In 2018, CHP accounted for nearly 80% in the global
urban heating market [28]. In China, CHP is mainly used to meet heating demand. It’s expected
that by the end of 2020, the central heating rate of CHP in large and medium-sized cities in North
China will be more than 60% [29]. CHP has been developed to a certain scale, but it is far from
meeting the actual demand. Thus, many researchers are spurred to carry out performance analysis
and efficiency optimization for CHP and relevant systems to further improve their efficiency and
satisfy the growing heating demand. For an existing CHP system, Ahmadi et al. [14] performed
energy, exergy and environmental analyses, and it was revealed that the boilers have the highest
exergy destruction, followed by the steam pressure reduction stations and turbo-generators. They
recommended that, instead of the boilers, a gas turbine may perform better, and a heat recovery steam
generator may be also needed for improvement. Heberle and Brüggemann [30] were interested in the
exergy performance of a geothermal power plant. They found that, compared with a power generation,
the exergy efficiency of the plant with a CHP technology could be greatly improved. Kanoglu and
Dincer [31] conducted energy and exergy analyses for many building CHP systems and investigated
how the energy and exergy efficiencies changed with the fluctuation of water temperature, steam
pressure and some other parameters. The results indicated that systems with diesel and geothermal
have an advantage in exergy efficiency over those with steam and gas turbines. Wang and Yang [32]
proposed a hybrid combined cooling, heating and power (CCHP) system based on using biomass and
solar energy and analyzed their complementarity to promote the energy efficiency of the system. It was
revealed that the biomass subsystem contributed to the primary energy ratio and exergy efficiency
of the total system more than the solar subsystem. Al-Sulaiman et al. [33] evaluated the exergy level
of a CCHP system and found that the main exergy destruction occurred in the biomass combustor
and the organic Rankine cycle evaporator. The energy and exergy efficiencies were both increased by
using CCHP when compared with only using power generation, and as the temperature and pressure
varied, the heating-cogeneration and CCHP cases varies less in the exergy analysis than the power
generation and cooling-cogeneration ones. Khaljani et al. [34] performed thermodynamic assessment
of a CHP cycle and revealed that the combustion chamber was the main exergy destruction component,
and the heat recovery steam generator stand the next, then is gas turbine. They also carried out the
exergo-economic analysis for the cycle and found that the overall exergo-economic factor was 10.59%.

It is clear that many efforts and trials have been made in improving and innovating CHP systems
by energy, exergy and economic analyses. However, as the feedwater pump, induced draft fan and
desulfurization circulating pump are important auxiliary equipment in CHP systems, their power
consumption represents a huge burden for heating plants. With stricter rules and regulations about
emissions, the power consumption of induced draft fan and desulfurization circulating pump will
escalate. Thus, researchers have been further motivated to look for ways to innovate the CHP system.
Considering some thermal power plants use the small turbines to drive the feedwater pump and
induced draft fan, it may be feasible to develop a CHP system using turbines to drive pumps and
induced draft fans for heating plants. In this case, the trigeneration of work, heat, and power can be
realized to promote energy utilization and the contradiction between the growing heat demand and
surplus power can also be relieved. However, to the authors’ knowledge, few in any studies of such a
CHP system have been reported, nor further performance analysis.

In this paper, a CHP system using turbines to drive a feedwater pump, desulfurization circulating
pump and induced draft fans was proposed, and the energy, exergy and economic performances were
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determined based on the system’s operational data to figure out the breakthrough points for energy
conservation, which will lay the foundations for future optimization studies.

2. Materials and Methods

2.1. System Description

The investigated CHP system was constructed in 2016 in Shenyang, Northeast China, in which
turbines not only can be used to generate power but also can be used to drive fans and pumps.
The system cooperates with another two 90 MW hot water boilers to satisfy the thermal demand of
residents during the heating period from 1 November to 31 March every year. The real system is very
complex and Figure 1 depicts a schematic representation of the system. As it shows, steam turbines,
instead of electricity, are applied in the system to drive high energy-consumption equipment, including
a feedwater pump, a desulfurization circulating pump, a steam boiler’s and two hot water boilers’
induced draft fans, to reduce the energy consumption and operation costs, and the configurations of
the induced draft fans and pumps driven by turbines are shown in Figure 2 and efficiencies of the
transmission processes are assumed as 100%. As the major part of the system, the steam boiler is a
chain-grate boiler with a mass flow rate of 130 t/h and a rated pressure of 1.3 MPa. The deaerator is an
atmospheric rotary membrane thermal deaerator with a working pressure of 0.12 MPa. The steam
turbines used in the system are all backpressure turbines, the inlet steams of which are the fresh steam
from the boiler, and the exhaust steams enter the steam-water heat exchangers.

Energies 2020, 13, x FOR PEER REVIEW 3 of 24 

 

In this paper, a CHP system using turbines to drive a feedwater pump, desulfurization 
circulating pump and induced draft fans was proposed, and the energy, exergy and economic 
performances were determined based on the system’s operational data to figure out the breakthrough 
points for energy conservation, which will lay the foundations for future optimization studies. 

2. Materials and Methods  

2.1. System Description 

The investigated CHP system was constructed in 2016 in Shenyang, Northeast China, in which 
turbines not only can be used to generate power but also can be used to drive fans and pumps. The 
system cooperates with another two 90 MW hot water boilers to satisfy the thermal demand of 
residents during the heating period from 1 November to 31 March every year. The real system is very 
complex and Figure 1 depicts a schematic representation of the system. As it shows, steam turbines, 
instead of electricity, are applied in the system to drive high energy-consumption equipment, 
including a feedwater pump, a desulfurization circulating pump, a steam boiler’s and two hot water 
boilers’ induced draft fans, to reduce the energy consumption and operation costs, and the 
configurations of the induced draft fans and pumps driven by turbines are shown in Figure  and 
efficiencies of the transmission processes are assumed as 100%. As the major part of the system, the 
steam boiler is a chain-grate boiler with a mass flow rate of 130 t/h and a rated pressure of 1.3 MPa. 
The deaerator is an atmospheric rotary membrane thermal deaerator with a working pressure of 0.12 
MPa. The steam turbines used in the system are all backpressure turbines, the inlet steams of which 
are the fresh steam from the boiler, and the exhaust steams enter the steam-water heat exchangers. 

 
Figure 1. The layout of the CHP system with turbine-driving technology. Key: B-boiler; GDC-gas-
distributing cylinder; T-turbine; DF-induced draft fan; FWP-feedwater pump; TPR-temperature and 
pressure reducer; DP-drain pump; DCP-desulfurization circulating pump; TRP-temperature 
reduction pump; HE-steam water heat exchanger; DOP-deoxygenation pump; D-deaerator; CFT-
continuous blowdown flash tank; BW-back water; WT-water tank; WDC-water distributing cylinder. 

  

Figure 1. The layout of the CHP system with turbine-driving technology. Key: B-boiler; GDC-gas-distributing
cylinder; T-turbine; DF-induced draft fan; FWP-feedwater pump; TPR-temperature and pressure reducer;
DP-drain pump; DCP-desulfurization circulating pump; TRP-temperature reduction pump; HE-steam
water heat exchanger; DOP-deoxygenation pump; D-deaerator; CFT-continuous blowdown flash tank;
BW-back water; WT-water tank; WDC-water distributing cylinder.
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The working process of the system (S) is shown by the arrowed lines in Figure 1. The fuel used in
the system is Huolin River lignite, and its properties are listed in Table 1. Fuel (2) is burned in the steam
boiler (B) to heat the feed water (1) from the deaerator (D) into steam (3). At the same time, sewage (4)
is produced and recovered by the continuous blowdown flash tank (CFT), the steam generated by
which flows into the deaerator. Steam from the boiler is distributed through a gas-distributing cylinder
(GDC) to a temperature and pressure reducer (TPR) and five turbines (T1, T2, T3, T4, T5) which are
used to drive a steam boiler’s induced draft fan (DF1), a feedwater pump (FWP), a desulfurization
circulating pump (DCP) and two hot water boilers’ induced draft fans (DF2 and DF3), respectively.
Steam entering the TPR is cooled by the deoxidized water pumped by the temperature reduction pump
(TRP) and then is mixed with the exhaust steam of T1 and T2. Afterward, part of it is the heating steam
of the deaerator (D), and the rest flows into the steam-water heat exchangers (HE1 and HE2) to heat
the backwater (BW) of the pipeline and then is recovered to the deaerator by drain pumps (DP1 and
DP2). The exhaust steam of T3, T4 and T5 enters another steam-water heat exchanger (HE3) to heat
the BW and then is also recovered to the deaerator by the drain pump (DP3). The hot water from the
three steam-water heat exchangers flows to a water-distributing cylinder (WDC) to satisfy the thermal
demand of residents. The condensate water recovered from steam-water heat exchangers pumped by
DP1, DP2, and DP3 along with the supplementary water pumped by the deoxygenation pump (DOP)
from the water tank (WT) constitute inlet water of the deaerator and they are deaerated to be the feed
water of the boiler and the cooling water of TPR. At this point, a cycle of water and steam is completed
in the system. In this situation, the turbines are fully used to drive fans without generating power.

Table 1. Ultimate analysis of Huolin River lignite.

Dry Ash-Free Basis Unit Value

Cdaf % 66.72
Hdaf % 4.59
Odaf % 26.67
Ndaf % 1.07
Sdaf % 0.95

LHV0
1 kJ·kg−1 15,446

1 Low heat value.

2.2. Data Preparation

The data used in the analysis are the actual operational data recorded by the distributed control
system (DCS) of the heating plant on 15 December 2018. On this day, the system runs smoothly and
the load changes little. And the recorded data are processed by averaging and then applied to the
throughout assessment of the system.

2.3. Analytical Methods

For the analyses, some assumptions were made:

(1) A steady-state operational condition is assumed for the whole process.
(2) The kinetic and potential exergies of flows are neglected.
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(3) The fresh air and flue gas are considered as ideal gases.
(4) The pressure losses in piping and ducts are neglected.
(5) The basic analysis is based on the reference state of 298.15 K and 0.10 MPa.
(6) The standard molar fractions of species in the reference state are taken according to those of

Szargut et al. [35].

2.3.1. Energy Analysis

The specific energy of the fuel is taken as its low heat value (LHV0) which is measured as
15,446 kJ/kg. The thermodynamic properties of water and steam are determined by IAPWS-IF97.

For a system, the total energy includes three parts: the energy induced by the mass flow, the work
exchanged with the outside and the energy lost to the ambient, so the energy balance can be expressed
by Equations (1) and (2):

·

Enin +
·

Win =
·

Enout +
·

Ql (1)

where,
·

En is the energy rate of the system, kW;
·

W is the work rate, kW;
·

Q is the exchanged heat rate
with the ambient, kW; the subscript in, out and l mean inflows, outflows, and loss of the system.

n∑
i=1

·
min,ienin,i +

j∑
j=1

·

W j =
k∑

k=1

·
mout,kenout,k +

·

Ql (2)

where,
·

m is the mass flow rate of one stream, kg/s; en is the specific energy rate, kJ/kg; the number i, j,
and k mean the i-th flow into the system, j-th work into the system and k-th flow out of the system.

The effective power of the induced draft fan is calculated by Equation (3):

·

Pe =

·
qvp

1000
(3)

where,
·

Pe is the power of the induced draft fan, kW;
·

qv is the volume flow of the induced draft fan,
m3/s; and p is the total pressure, Pa. At the operational conditions, the total pressure of DF1 is 5660 Pa,
and for DF2 and DF3, both are 5426 Pa.

The energy efficiency of one component or a system is defined as the ratio of the gained energy to
the paid energy and is illustrated as Equation (4):

ηen =

·

Engain
·

Enpay

× 100% (4)

The energy balance and the energy efficiency of every component in the CHP system are shown in
Appendix A (Table A1). Note that the energy efficiencies of all steam turbines are designed as 78.50%
and hardly change with the operational conditions.

For the whole system, energy efficiency is expressed by Equation (5):

ηen,S =

·

En41 +
·

En45 +
·

En53
·

En2 +
·

W18 +
·

En39 +
·

En43 +
·

En51 +
·

W54 +
·

W56 +
·

W60 +
·

En67 +
·

W66

× 100% (5)

2.3.2. Exergy Analysis

The exergy rates of the fuel and the flue gas consist of physical exergy and chemical exergy and
can be expressed as Equation (6):

·

Ex =
·

Ex
ch
+
·

Ex
ph

(6)
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where,
·

Ex is the exergy rate, kW; and the superscripts ch and ph mean the chemical exergy and physical
exergy, kW.

No attention is paid to the physical exergy of the lignite because of its minor effect on the total
exergy, while the physical exergy of the flue gas is calculated as Equation (7):

·

Ex
ph

=
·

m
[
cp

(
T − T0 − T0 ln(

T
T0

)

)
+ RT0

(
P
P0

)]
(7)

where, T is the temperature of the flue gas, K; P is the pressure of flue gas, MPa; the subscript 0 means
the reference state.

The specific heat capacity of the flue gas cp is calculated by Equation (8):

cp =
n∑

i=1

yicp,i (8)

where, i is the i-th component in flue gas, and y is the mole fraction of one component in the total
flue gas.

The chemical exergy rate of the fuel is computed by Equation (9):

·

Ex
ch

=
·

mexch =
·

mLHV0(1.0064 + 0.1519
Hdaf

Cdaf
+ 0.0616

Odaf

Cdaf
+ 0.0429

Ndaf

Cdaf
) (9)

where, ex is the specific exergy rate, kW.
The chemical exergy rate of the flue gas is calculated by Equation (10):

·

Ex
ch

=
·

mexch =
·

mn

∑
i

yiεi +
−

RT0

∑
i

yi ln(yi)

 (10)

where, ε is the standard chemical exergy, kJ/mol;
−

R is the universal gas constant, 8.314 J/(kg·K).
It is assumed that the composition of flue gas doesn’t change before and after flowing through a

component. So, changes in the chemical exergy of the flue gas are disregarded, and the exergy change
only consists of the change of the physical. The composition of the flue gas is shown in Table 2.

Table 2. Composition of flue gas.

Composition Unit Value

CO2 % 12.25
O2 % 7.95
CO % 0.03
N2 % 79.77

The physical exergy rate of water and steam is calculated by Equation (11):

·

Ex
ph

=
·

mex =
·

m[h− h0 − T0(s− s0)] (11)

where, h is the enthalpy of a stream, kJ/kg; s is the entropy, kJ/(kg·K).
Exergy loss caused by heat transfer is calculated by Equation (12):

·

Exl =
·

Ql(1−
T0

T
) (12)
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The exergy balance for one component or a system can be written as Equations (13) and (14):

·

Exin +
·

W =
·

Exout +
·

Exl +
·

Exd (13)

n∑
i=1

·
min,iexin,i +

n∑
j=1

W j =
n∑

k=1

·
mout,kexout,k +

·

Exl +
·

Exd (14)

where the subscript d indicates the destroyed exergy.
Similarly, the exergy efficiency of one component or a system is defined as the ratio of the gained

exergy to the spent exergy, as shown by Equation (15):

ηex =

·

Exgain
·

Expay

× 100% (15)

The exergy balance and the exergy efficiency of every component are listed in Appendix B
(Table A2).

For the system, the exergy efficiency is expressed by Equation (16):

ηex,S =

·

Ex41 +
·

Ex45 +
·

Ex53
·

Ex2 +
·

W18 +
·

Ex39 +
·

Ex43 +
·

Ex51 +
·

W54 +
·

W56 +
·

W60 +
·

Ex67 +
·

W66

× 100% (16)

The exergy improvement potential rate of each component is defined as Equation (17):

·

Exp =
(
1−
ηex

100

)(
·

Exin −
·

Exout

)
(17)

2.3.3. Economic Analysis

The economic analysis of the system is conducted by comparing the operational costs of
turbine-driving mode with the electricity-driving mode. For the system, if auxiliaries are driven by
power, then on 15 December 2018, the power consumption of feed water pump, desulfurization pump
and the induced draft fans can be calculated by Equation (18):

W = 24×
(
·

W7 +
·

W11 +
·

W22 +
·

W27 +
·

W32

)
(18)

The cost of electricity is calculated by Equation (19):

C = ceW (19)

where, ce is the electricity price, yuan/kWh.
In the electricity-driving mode, turbines are used to generate power to be on-grid, and the income

of electricity is shown by Equation (20):
I = coW (20)

where, co is the on-grid price, yuan/kWh.
Thus, the cost saved by the turbine-driving mode can be calculated by Equation (21):

S = C− I (21)
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2.3.4. Uncertainty Analysis

The uncertainty analysis of the data used in the system assessment is carried out by the methodology
presented by Equation (22):

U =

( ∂F
∂z1

u1

)2

+

(
∂F
∂z2

u2

)2

+ · · ·+

(
∂F
∂zn

un

)21/2

(22)

The results of uncertainties are acceptable as their values are within a range of ±5%.

3. Results and Discussion

The thermodynamic and economic performance of the CHP system with turbine-driving fans
and pumps is studied by the energy, exergy and economic analyses in the study. The parameters of
various streams are illustrated in Appendix C (Table A3), corresponding to their state numbers shown
in Figure 1. Then the comprehensive energy and exergy analyses of the system are conducted based on
the operational data and the results are shown in Appendix D (Table A4). The economic analysis is
performed by comparing turbine-driving mode with the electricity-driving mode, and the effect of
electricity price and on-grid price on the choice of operation mode is also studied.

3.1. Energy Loss

Figure 3 shows the ratio of each component’s energy loss to the total. The boiler has the highest
energy loss of 13,956.56 kW, representing 75.19% of the total energy loss of 18,560.83 kW. Such a huge
amount of energy loss in the boiler is caused by various reasons, such as the energy loss of the flue
gas to the ambient, incomplete combustion in the chamber, heat dissipation from the boiler body and
so on. Among them, the flue gas energy loss may account for the most, as the temperature of flue
gas is much higher than that of the ambient. The energy loss of the HEs (HE1, HE2, and HE3), TPR,
turbines (T1, T2, T3, T4, and T5) and deaerator stand in the second, third, fourth and fifth, accounting
for 12.73%, 6.32%, 2.92%, and 1.27% of the total, respectively. for HEs, TPR, and deaerator, their energy
losses are mostly due to the heat dissipation caused by the temperature difference between the surface
and the environment. The energy losses of turbines, induced draft fans, and pumps are mainly caused
by mechanical friction, but due to the higher temperature in turbines, their energy losses are much
more significant. CFT is an efficient component and has no energy loss.
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3.2. Exergy Loss

Figure 4 shows the ratio of each component’s exergy loss to the total. From Equation (12), the exergy
loss is closely related to the energy loss and the temperature of the heat source. The total exergy loss
of the system is 4340 kW and the exergy loss of the boiler (3243 kW) is 74.72% of the total, which is far
ahead of other exergy losses due to its much higher energy loss than others. The exergy loss of TPR
(11.22%) ranks the next, mainly for its high steam temperature. Due to the integration influence of energy
loss and the heat source temperature, the exergy loss of HEs (6.29%) is the third. For steam turbines (T1,
T2, T3, T4, and T5), the proportions of exergy losses (1.30%, 0.29%, 1.31%, 1.32%, and 1.31%) are much
higher compared with their energy losses because of their high steam temperatures. And the exergy loss
of deaerator only shares a proportion of 1.14% for its lower temperature. minor energy losses of pumps
and induced draft fans lead to the small exergy losses.
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3.3. Exergy Destruction

Figure 5 illustrates each components’ percentile contribution to the total exergy destruction.
Undoubtedly, the boiler has the highest exergy destruction of 73,789.79 kW, which accounts for 79.23%
of the total exergy destruction of 93,134.78 kW.

Such high exergy destruction of the boiler is mainly induced by the chemical reactions within,
especially the combustion part, because of the large temperature difference between the reactant and
the chamber. What’s more, the HEs, TPR, turbines, and deaerator rank the second, third, fourth,
and fifth in exergy destruction, occupying 13.10%, 4.33%, 1.91% and 0.71% of the overall destruction,
respectively. the exergy destructions of HEs, TPR, and deaerator are basically due to their severe heat
and mass transfer process induced by high-temperature differences. Turbines’ high exergy destructions
are due to their low isentropic efficiency, which are resulted from their design parameters and the wear
and tear of components. The exergy destruction ratios of other components are minor, accounting for
only 0.72% of the total.
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Figure 6. Energy and exergy efficiencies of each component and the system.

The HE1, TPR, deaerator, HE2, and HE3 have high energy efficiencies determined as 99.4%, 98%,
98%, 97.91%, and 94.63%, while their exergy efficiencies are rather low compared with their energy
efficiencies, showing that the temperature differences of heat and mass transfer processes in them may
be too large and there are opportunities to be reduced.
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The boiler’s energy efficiency is 84.89%, but its exergy efficiency is only 30.04% due to its significant
exergy destruction and exergy loss. When compared with the results obtained from other studies for
industrial boilers presented in Table 3, it can be seen that the energy and exergy efficiencies of the
boiler in this paper are above the average level, so it is somehow desirable, but when compared with
power plant boilers, it seems that the boiler’s exergy efficiency is a little lower, indicating that the
industrial boilers are inefficient, which are mainly resulted by the small capacity, low parameters, poor
manufacturing technology and imperfect operation strategy of industrial boilers [36].

Table 3. Data for energy and exergy efficiencies obtained from other studies.

Reference
State

Section
Energy Efficiency % Exergy Efficiency %

Reference
Boiler Turbine Boiler Turbine

298.15 K,
0.10 MPa

Industrial

72.46 24.89 [3]
80.80 25.00 [3]
66.00 26.00 [37]
82.21 32.77 [38]
84.65 29.43 [15]
69.56 38.57 [39]

Power plant

40.84 80.10

[40]

36.75 85.45
45.47 88.60
48.23 90.03
36.45 84.19
39.00 86.16

84.89 78.50 30.04 49.21 This work

For turbines, their energy efficiencies are designed the same, but their exergy efficiencies are
different from each other, and when compared with those in power plants in Table 3, their averaged
exergy efficiencies are much lower, because the steam working in each of them is of different quality.
Steam with higher pressure and temperature has more work potential and is more likely to result
in higher exergy efficiency. In power plants, the working temperature and pressure of turbines are
usually rather higher than industrial ones, thus leading to higher exergy efficiencies.

Energy efficiencies of induced draft fans DF1, DF2 and DF3 are 79.40%, 85.00%, and 79.41%,
which are tolerable compared with their rated efficiencies of 92.5%, 91.2%, and 91.2%, while their
exergy efficiencies are 63.00%, 79.98% and 70.01%, respectively, which are mostly due to their exergy
destructions, mainly decided by their design considerations. The lowest exergy efficiency of 12.31%
occurs in DOP because it operates under conditions deviating from the design condition caused by
improper selection and uses high-quality electricity for pumping water.

3.5. Exergy Improvement Potential

Figure 7 shows the exergy balance of the whole system. It depicts the composition of the input
exergy and the percentage of the destroyed exergy of every component to the total input exergy of
the system.
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The fuel exergy is the main input exergy of the system, and 68.41% of the total input exergy is
destroyed in the boiler, followed by HEs, TPR, turbines, and deaerator (11.07%, 4.02%, 1.79%, and
0.62%, respectively), and the other components’ exergy destruction is 4.01%, so it’s assumed that the
improvement effort should be made mainly on the boiler, HEs, TPR and turbines. For verifying the
assumption, further improvement potential analysis was conducted. As Figure 8 shows, the boiler
has the highest exergy improvement potential of 53,895.05 kW, sharing a proportion of 84.65% of the
total exergy improvement potential of 63,664.62 kW. The HEs, TPR, and turbines rank the second,
third, and fourth with proportions of 11.22%, 1.76%, and 1.61%, so it is clear that the boiler, HEs, TPR
and turbines are the main exergy improvement options, accounting for 99.24% of the total exergy
improvement potential. Improvement can be realized by reducing their exergy losses and destructions.
For the boiler, taking some measures contributing to chemical reactions such as oxygen enrichment,
fresh-air preheating, and decreasing the air-fuel ratio can reduce the exergy destruction [41]. A steam
accumulator can help maintain the balance between the steam demand side and the boiler, and Xu [42]
found that it could keep the boiler in an iron and steel enterprise working more efficiently and the
exergy efficiency could reach 47.97%. Saidur et al. [3] demonstrated that recovering heat energy from
flue gas to preheat the feed water could reduce fuel usage of 4.757 L/h, and the cost of a boiler heat
recovery system could be recovered in one year. He also reported that 2–8% of energy can be saved by
enhancing the heat transfer rate of flue gases using nanofluids.

For HEs and TPR, if the quantity and quality of heat and mass transfer at the lowest possible
temperature difference could be maintained between the two fluids, and the exergy destruction can
thus be greatly reduced. Increasing the surface area of heat transfer may help to cut down the exergy
destruction, but it is a design consideration and relates to the economic and spatial limits. In practice,
the more reliable way is adopting thermal insulation for equipment [43].

Efforts for exergy improvement of turbines should be focused on their isentropic efficiencies,
but operation optimization is also needed. Wang [44] optimized the operation of a turbine’s regulating
valve based on data mining and succeed in improving the economy of the whole plant unit. Mambro
et al. [45] predicted the maximum fluid temperature, the velocity field and the power exchange between
fluid and blades when a low-pressure turbine worked at off-design conditions by a multiblock approach.
Pumps and induced draft fans are components of minor potential to further exergy utilization, only
sharing 0.76% in the total improvement potential, but they can also be optimized by installing variable
speed drives [3].
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It should be noted that some improvement remedies for one component might result in larger
exergy destructions in other components in the system, so the feasibility of improvement measures
should be considered from the perspective of the whole system. For heating the returned water
of the pipe network, the TPR directly reduces the high-temperature and high-pressure steam to
the low-temperature and low-pressure, resulting in its high exergy loss and exergy destruction,
which reveals that the energy use process is unreasonable. If the TPR is replaced by a turbine to realize
a cascaded utilization of energy, the efficiency of the whole system will be greatly improved, but the
global economy and the flexibility of operation need to be reconsidered. What’s more, the flue gas
temperature at the end of the boiler can reach 150 ◦C or higher and can be used as the heat source of a
refrigerator, thus the multi-generation of work, cool, heat and power can be achieved by the system.
This would be a more efficient way for further energy utilization than a typically combined cooling,
heating, and power system [46,47]. Biomass energy has great potential utilization value because of its
renewability, low carbon dioxide emission, and high hydrogen content [48], and Northeast China is an
important grain production base, and rich in biomass resources, so biomass can be considered as the
fuel for the system’s further transformation.

3.6. Effect of the Reference Temperature

The change of reference state has no effect on the analysis based on the first law of thermodynamics.
However, the reference state is relevant to the calculation results of the exergy analysis. To find out
how significant the influence of the reference state on the results, the reference temperature was varied
from 278.15 to 303.15 K while the reference pressure was kept at 0.10 MPa, and the exergy destruction
ratio of major component to the total exergy destruction, exergy efficiencies, and exergy improvement
potential ratio were plotted in Figures 9–11. Results show that the exergy destruction ratios of major
components increase little as the reference temperature rises, and the main exergy destruction source is
always the boiler no matter how the reference temperature changes. However, exergy efficiencies of
the major components decrease with the reference temperature increases, and the decrement of HEs
can get a ratio of 25–31%. What’s more, the exergy efficiency of the whole system at 303.15 K is less
than half of that at 303.15 K. Figure 11 indicates that except the exergy improvement of boiler goes
down with the reference temperature increases, the HEs, turbines, and TPR, all seem to have more
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improvement potential at the higher reference temperature, but this doesn’t change the fact that the
boiler has the greatest improvement potential. Although the exergy destruction ratio, exergy efficiency
and the exergy improvement potential ratio of the major components in the system changed with
the reference state, the main conclusion stayed the same. The main exergy destruction source and
improvement part in the system is always the boiler, and this coincides with the previous analysis
conducted by Aljundi [49].
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3.7. Economic Analysis

Table 4 shows the economic analysis of the system under electricity-driving mode and turbine-
driving mode using the average electricity price of 0.7173 yuan per kWh and the on-grid price of 0.3685
yuan per kWh in 2018 for the general industrial section in Shenyang. It shows if the pumps and draft
fans are driven by power, not driven by turbines, then the electricity consumption of the system would
be 2121.13 kW instead of 131.68 kW on 15 December 2018. The increment of electricity consumption of
1989.45 kW is accounting for 93.79% of the total power consumption of the system in this day, which
would cost approximately 16,654.08 yuan more, accounting for 94.65% of the electricity income under
the electricity-driving mode. Thus, the turbine-driving mode of the system can save electricity cost in
a great number and it’s economical for the heating plant in the long run.

Table 4. Economic analysis of electricity-diving mode and turbine-driving mode.

Economic Analysis Electricity-Driving Mode Turbine-Driving Mode

Power consumption (kW) 2121.13 131.68
Electricity cost (yuan) 34,343.22 94.46

Electricity income (yuan) 17,594.69 0.00
Capital saved (yuan) 16,654.08

The above analysis is based on the average electricity price and the fixed on-grid price, but in fact,
the electricity price and on-grid price vary with policy and demand. If the fluctuation of electricity
price and on-grid price are taken into account, the daily electricity cost saved by the turbine-driving
mode is shown in Figure 12. When the on-grid price is fixed, the saved electricity cost by using the
turbine-driving mode is increased with the electricity price rises, and when the electricity price equals
to the on-grid price, no money is saved by using the turbine-driving mode. When the on-grid price
changes from 0.2 yuan/kWh to 1.2 yuan/kWh, a cluster of straight lines with the same slope is formed,
where the slope is the generated power, and the intercept is revenue from electricity sales. It can be
imagined that, no matter what the on-grid price is, as long as the electricity price is equal to the on-grid
price, the economy of electricity-driving mode and turbine-driving mode is equivalent. When the
electricity price is higher than the on-grid price, the turbine-driving mode is preferred and vice versa.
In China, generally, the electricity price is always higher than the on-grid price, so the turbine-driving
mode has more advantages.
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4. Conclusions

In this study, comprehensive energy, exergy and economic analyses of a CHP system with
turbine-driving fans and pumps in Northeast China were performed based on operational data.
The inefficiencies, sources and improvement potentials of components and the economy of the system
are revealed.

The system has total exergy destruction of 93,134.78 kW, and the boiler is the main source of
exergy destruction (79.23%) in the system, followed by HEs, TPR, turbines, and deaerator. The energy
and exergy efficiencies of the system are 89.72% and 10.07% under the reference state of 25 ◦C and
0.10 MPa. While the boiler’s energy and exergy efficiencies are 84.89% and 30.04%. The thermodynamic
analyses results of the boiler and turbines are compared with other industrial and power plant ones and
inefficiencies are indicated. Some advice for the main components and the system is given, including
enhancing chemical reactions, recovering heat energy from flue gas, optimizing turbine operation,
polygeneration by combining a refrigerator and so on. The effect of reference state on exergy analysis
of the major components is also studied, and the main conclusion stayed the same as the reference
temperature changes.

The economic analysis revealed that the turbine-driving mode of the CHP system can save
electricity power of 1989.45 kW and electricity cost of 16,654.08 yuan on 15 December 2018. The effect
of electricity price and on-grid price on the saved daily electricity cost is investigated and when the
electricity price is higher than the on-grid price, the turbine-driving mode is preferred and vice versa.
In China, the turbine-driving mode has advantages in saving electricity costs and can be economical in
the long run.
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data from the heating plant, guided through the analysis and acquisited the funding. Y.Z. (Yaning Zhang) and Y.Z.
(Yu Zhang) reviewed and edited the paper. Q.D., S.W., and Y.Q. supervised this project. All authors have read and
agreed to the published version of the manuscript.
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Appendix A

Table A1. Energy balance and energy efficiency of every component.

Component Energy Balance Energy Efficiency (×100%)

B
·

En1 +
·

En2 =
·

En3 +
·

En4 +
·

Ql,B ηen,B =
·

En3−
·

En1
·

En2

T1
·

En5 =
·

En6 +
·

W7 +
·

Ql,T1 ηen,T1 =
·

W7
·

En5−
·

En6

DF1
·

W7 =
·

Pe,DF1 +
·

Ql,DF1 ηen,DF1 =
·

Pe,DF1
·

W7

T2
·

En10 =
·

W11 +
·

En12 +
·

Ql,T2 ηen,T2 =
·

W11
·

En10−
·

En12

FWP
·

W11 +
·

En13 =
·

En14 +
·

Ql,FWP ηen,FWP =
·

En14−
·

En13
·

W11

TRP
·

W15 +
·

En16 =
·

En17 +
·

Ql,TRP ηen,TRP =
·

En17−
·

En16
·

W15

TPR
·

En17 +
·

En18 =
·

En19 +
·

Ql,TPR ηen,TPR =
·

En19
·

En17+
·

En18

T3
·

En20 =
·

En21 +
·

W22 +
·

Ql,T3 ηen,T3 =
·

W22
·

En20−
·

En21

DCP
·

W22 +
·

En23 =
·

En24 +
·

Ql,DCP ηen,DCP =
·

En24−
·

En23
·

W22

T4
·

En25 =
·

En26 +
·

W27 +
·

Ql,T4 ηen,T4 =
·

W27
·

En25−
·

En26

DF2
·

W27 =
·

Pe,DF2 +
·

Ql,DF2 ηen,DF2 =
·

Pe,DF2
·

W27

T5
·

En30 =
·

En31 +
·

W32 +
·

Ql,T5 ηen,T5 =
·

W32
·

En30−
·

En31

DF3
·

W32 =
·

Pe,DF3 +
·

Ql,DF3 ηen,DF3 =
·

Pe,DF3
·

W32

HE1
·

En35 +
·

En36 =
·

En37 +
·

En38 +
·

Ql,HE1 ηen,HE1 =
·

En38−
·

En36
·

En35−
·

En37

HE2
·

En39 +
·

En40 =
·

En41 +
·

En42 +
·

Ql,HE2 ηen,HE2 =
·

En42−
·

En40
·

En39−
·

En41

HE3
·

En43 +
·

En44 =
·

En45 +
·

En46 +
·

Ql,HE3 ηen,HE3 =
·

En46−
·

En44
·

En43−
·

En45

DP1
·

W47 +
·

En37 =
·

En48 +
·

Ql,DP1 ηen,DP1 =
·

En48−
·

En37
·

W47

DP2
·

W49 +
·

En41 =
·

En50 +
·

Ql,DP2 ηen,DP2 =
·

En50−
·

En41
·

W49

DP3
·

W51 +
·

En45 =
·

En52 +
·

Ql,DP3 ηen,DP3 =
·

En52−
·

En45
·

W51

DOP
·

W57 +
·

En58 =
·

En56 +
·

Ql,DOP ηen,DOP =
·

En56−
·

En58
·

W57

D
·

En54 +
·

En55 +
·

En56 +
·

En59 =
·

En53 +
·

En63 +
·

Ql,D ηen,D =
·

En53
·

En54+
·

En55+
·

En56+
·

En59

CFT
·

En4 =
·

En59 +
·

En60 +
·

Ql,CFT ηen,CFT =
·

En59
·

En4
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Appendix B

Table A2. Exergy balance and exergy efficiency of every component.

Component Exergy Balance Exergy Efficiency (×100%)

B
·

Ex1 +
·

Ex2 =
·

Ex3 +
·

Ex4 +
·

Exl,B +
·

Exd,B ηex,B =
·

Ex3−
·

Ex1
·

Ex2

T1
·

Ex5 =
·

Ex6 +
·

W7 +
·

Exl,T1 +
·

Exd,T1 ηex,T1 =
·

W7
·

Ex5−
·

Ex6

DF1
·

W7 +
·

Ex8 =
·

Ex9 +
·

Exl,DF1 +
·

Exd,DF1 ηex,DF1 =
·

Ex9−
·

Ex8
·

W7

T2
·

Ex10 =
·

W11 +
·

Ex12 +
·

Exl,T2 +
·

Exd,T2 ηex,T2 =
·

W11
·

Ex10−
·

Ex12

FWP
·

W11 +
·

Ex13 =
·

Ex14 +
·

Exl,FWP +
·

Exd,FWP ηex,FWP =
·

Ex14−
·

Ex13
·

W11

TRP
·

W15 +
·

Ex16 =
·

Ex17 +
·

Exl,TRP +
·

Exd,TRP ηex,TRP =
·

Ex17−
·

Ex16
·

W15

TPR
·

Ex17 +
·

Ex18 =
·

Ex19 +
·

Exl,TPR +
·

Exd,TPR ηex,TPR =
·

Ex19
·

Ex17+
·

Ex18

T3
·

Ex20 =
·

Ex21 +
·

W22 +
·

Exl,T3 +
·

Exd,T3 ηex,T3 =
·

W22
·

Ex20−
·

Ex21

DCP
·

W22 +
·

Ex23 =
·

Ex24 +
·

Exl,DCP +
·

Exd,DCP ηex,DCP =
·

Ex24−
·

Ex23
·

W22

T4
·

Ex25 =
·

Ex26 +
·

W27 +
·

Exl,T4 +
·

Exd,T4 ηex,T4 =
·

W27
·

Ex25−
·

Ex26

DF2
·

W27 +
·

Ex28 =
·

Ex29 +
·

Exl,DF2 +
·

Exd,DF2 ηex,DF2 =
·

Ex29−
·

Ex28
·

W27

T5
·

Ex30 =
·

Ex31 +
·

W32 +
·

Exl,T5 +
·

Exd,T5 ηex,T5 =
·

W32
·

Ex30−
·

Ex31

DF3
·

W32 +
·

Ex33 =
·

Ex34 +
·

Exl,DF3 +
·

Exd,DF3 ηex,DF3 =
·

Ex34−
·

Ex33
·

W32

HE1
·

Ex35 +
·

Ex36 =
·

Ex37 +
·

Ex38 +
·

Exl,HE1 +
·

Exd,HE1 ηex,HE1 =
·

Ex38−
·

Ex36
·

Ex35−
·

Ex37

HE2
·

Ex39 +
·

Ex40 =
·

Ex41 +
·

Ex42 +
·

Exl,HE2 +
·

Exd,HE2 ηex,HE2 =
·

Ex42−
·

Ex40
·

Ex39−
·

Ex41

HE3
·

Ex43 +
·

Ex44 =
·

Ex45 +
·

Ex46 +
·

Exl,HE3 +
·

Exd,HE3 ηex,HE3 =
·

Ex46−
·

Ex44
·

Ex43−
·

Ex45

DP1
·

W47 +
·

Ex37 =
·

Ex48 +
·

Exl,DP1 +
·

Exd,DP1 ηex,DP1 =
·

Ex48−
·

Ex37
·

W47

DP2
·

W49 +
·

Ex41 =
·

Ex50 +
·

Exl,DP2 +
·

Exd,DP2 ηex,DP2 =
·

Ex50−
·

Ex41
·

W49

DP3
·

W51 +
·

Ex45 =
·

Ex52 +
·

Exl,DP3 +
·

Exd,DP3 ηex,DP3 =
·

Ex52−
·

Ex45
·

W51

DOP
·

W57 +
·

Ex58 =
·

Ex56 +
·

Exl,DOP +
·

Exd,DOP ηex,DOP =
·

Ex56−
·

Ex58
·

W57

D
·

Ex54 +
·

Ex55 +
·

Ex56 +
·

Ex59 =
·

Ex53 +
·

Ex63 +
·

Exl,D +
·

Exd,D ηex,D =
·

Ex53
·

Ex54+
·

Ex55+
·

Ex56+
·

Ex59

CFT
·

Ex4 =
·

Ex59 +
·

Ex60 +
·

Exl,CFT +
·

Exd,CFT ηex,CFT =
·

Ex59
·

Ex4
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Appendix C

Table A3. Properties of streams at each state number.

No. Pressure
(Mpa)

Temperature
(K)

Fluid
Type

Mass Flow Rate
(kg·s−1)

Exergy Rate
(kJ·kg−1)

Energy
(kW) Exergy (kW)

1 1.78 373.79 Water 36.25 36.16 15,334.39 1310.68
2 0.10 273.15 Fuel 6.81 16,243.50 105,118.61 110,546.04
3 1.73 579.63 Steam 34.43 1002.31 104,909.94 34,514.53
4 1.73 478.23 Water 1.81 170.72 1586.50 309.41
5 1.25 562.88 Steam 3.25 947.78 9821.77 3079.72
6 0.30 454.67 Steam 3.25 676.44 9188.56 2198.01
7 Work of T1 497.07 497.07
8 0.10 388.40 Flue gas 82.59 15.40 1073.83
9 0.11 388.40 Flue gas 82.59 19.89 1387.00

10 1.24 549.18 Steam 0.93 933.10 2769.19 863.43
11 Work of T2 111.18 111.18
12 0.29 460.36 Steam 0.93 675.63 2627.56 625.18
13 0.12 377.93 Water 36.25 38.13 15,923.40 1382.04
14 1.78 378.26 Water 36.25 40.07 16,017.65 1452.51
15 Electric power of TRP 94.84 94.84
16 0.12 377.93 Water 1.17 38.13 516.15 44.80
17 1.26 378.03 Water 1.17 39.32 517.62 46.20
18 1.23 566.70 Steam 19.17 950.12 58,103.56 18,210.70
19 0.30 452.95 Steam 20.34 675.21 57,448.75 13,734.92
20 1.21 557.88 Steam 3.91 938.65 11,792.57 3674.05
21 0.28 464.30 Steam 3.91 674.48 11,150.68 2640.05
22 Work of T3 503.88 503.88
23 0.10 298.15 Water 1069.72 0.00 112,245.95 0.00
24 0.44 298.16 Water 1069.72 0.34 112,705.93 364.30
25 1.22 559.98 Steam 3.84 942.28 11,587.10 3618.86
26 0.30 468.10 Steam 3.84 685.90 10,962.90 2634.20
27 Work of T4 490.00 490.00
28 0.10 388.04 Flue gas 90.92 15.29 1389.87
29 0.11 388.04 Flue gas 90.92 19.60 1781.74
30 1.23 556.35 Steam 3.34 939.43 10,045.66 3136.52
31 0.28 470.27 Steam 3.34 678.92 9552.26 2266.74
32 Work of T5 387.32 387.32
33 0.10 386.10 Flue gas 62.91 14.69 923.87
34 0.11 386.10 Flue gas 62.91 19.00 1195.03
35 0.28 452.56 Steam 11.00 666.01 31,063.24 7324.48
36 0.52 319.45 Water 217.57 3.43 42,277.94 746.99
37 0.04 337.69 Water 11.00 10.02 2971.20 110.23
38 0.42 350.15 Water 217.57 17.31 70,200.70 3766.89
39 0.28 452.37 Steam 11.00 665.89 31,058.95 7323.14
40 0.52 319.45 Water 216.62 3.43 42,093.35 743.73
41 0.04 330.97 Water 11.00 6.97 2661.84 76.63
42 0.41 350.15 Water 216.62 17.32 69,896.36 3752.61
43 0.28 459.41 Steam 11.09 670.92 31,491.26 7442.83
44 0.52 319.40 Water 155.52 3.43 30,188.29 533.76
45 0.04 336.89 Water 11.09 9.62 2959.96 106.77
46 0.42 360.88 Water 155.52 24.59 57,186.83 3823.96
47 Electric power of DP1 10.00 10.00
48 0.56 337.72 Water 11.00 10.54 2977.25 115.95
49 Electric power of DP2 10.00 10.00
50 0.56 331.00 Water 11.00 7.46 2667.89 82.02
51 Electric power of DP3 10.09 10.09
52 0.56 336.92 Water 11.09 10.14 2966.06 112.54
53 0.12 377.93 Water 37.42 38.13 16,439.55 1426.84
54 0.28 452.56 Steam 2.52 666.01 7121.60 1679.22
55 0.56 334.60 Water 33.09 9.06 8525.91 299.83
56 0.58 298.18 Water 1.73 0.48 182.47 0.83
57 Electric power of DOP 6.75 6.75
58 0.10 298.15 Water 1.73 0.00 181.48 0.00
59 0.12 377.93 Steam 0.35 511.83 945.07 180.29
60 0.12 377.93 Water 1.46 38.13 641.43 55.67
61 0.12 373.27 Steam 0.04 511.83 100.41 19.15
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Appendix D

Table A4. The results of energy and exergy analyses.

Component Energy Loss
(kW)

Energy
Efficiency

(%)

Exergy Loss
(kW)

Exergy
Destruction

(kW)

Exergy
Efficiency

(%)

Exergy
Improvement
Potential (kW)

B 13,956.56 85.21 3243.00 73,789.79 30.04 53,895.05
T1 136.14 78.5 56.36 328.28 56.38 167.80

DF1 102.4 79.4 23.8 160.11 49.46 92.95
T2 30.45 78.5 12.46 114.6 46.67 67.80

FWP 16.94 84.77 3.58 37.13 63.38 14.91
TRP 2.23 39.69 0.92 1.39 37.8 1.43
TPR 1172.42 98 486.78 4035.2 75.23 1120.03
T3 138.01 78.5 56.72 473.4 48.73 271.80

DCP 43.9 91.29 0 139.58 72.30 38.67
T4 134.2 78.5 57.18 437.49 49.76 248.51

DF2 73.49 85 17.02 81.1 62.78 36.52
T5 106.08 78.5 57.06 425.4 44.53 267.62

DF3 99.12 74.41 22.58 93.58 54.96 52.32
HE1 169.28 99.4 18.53 4175.82 41.86 2438.59
HE2 594.1 97.91 65.04 4172.6 41.52 2478.1
HE3 1532.76 94.63 189.23 3856.63 44.85 2231.3
DP1 3.95 60.49 0.46 3.82 57.21 1.83
DP2 3.95 60.49 0.39 4.22 53.93 2.12
DP3 3.99 60.47 0.46 3.86 57.19 1.85
DOP 5.76 14.61 0 5.92 12.31 5.19

D 235.1 98 49.63 663.72 66.05 242.17
CFT 0 59.57 0 129.12 58.27 53.89
Total 18,560.83 89.72 4361.20 93,132.76 10.07 63,730.45
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