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Abstract: Based on the structural theory of thermo-economics, a 600 MW unit was taken as an
example. An integration system which uses fuel gas heat and solar energy as a heat source for
post-combustion carbon capture was proposed. The physical structure sketch and productive
structure sketch were drawn and a thermo-economics model and cost model based on the definition
of fuel-product were established. The production relation between units was analyzed, and the
composition and distribution of the exergy cost and thermo-economic cost of each unit were studied.
Additionally, the influence of the fuel price and equipment investment cost of the thermo-economic
cost for each product was studied. The results showed that the main factors affecting the unit cost
are the fuel exergy cost, component exergy efficiency, and irreversible exergy cost of each unit, and
the main factors affecting the thermo-economics cost are the specific irreversible exergy cost and
investment exergy cost. The main factors affecting the thermal economics of solar energy collectors
and low-pressure economizers are the invested exergy cost, negentropy exergy cost, and irreversible
exergy cost of each unit.

Keywords: structural theory; carbon capture; flue gas heat; parabolic trough collector field;
exergetic cost; thermo-economic cost

1. Introduction

Climatic change resulting from greenhouse gases has become the most serious air pollution
problem facing humanity at present [1]. The flue gas emissions from coal-fired power plants represent
the largest CO2 emission contributor, and the trend will continue in the foreseeable future [2].
Considering this, CO2 capture and storage (CCS), resource utilization of CO2, and renewable energy, as
three measures that appeared successively, remain the Gordian techniques for rapidly and effectively
reducing CO2 emissions. According to the prediction of the Global CCS Institute in 2018 [3], a 14%
cumulative CO2 emissions reduction must be achieved in order to reach the Paris target by 2060 [4].

The widespread use of renewable energy is deemed an effective way of reducing CO2 emissions.
As renewable energy, solar energy has a wide range of applications at home and abroad in many
fields [5]. However, carbon capture is deemed the most immediate way of decreasing CO2 emissions.
Post-combustion CO2 capture (PCC), oxygen-enriched combustion, and chemical looping combustion
are prospective technologies which can be applied to active coal-fired power plants [6]. However, the
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high energy consumption of carbon capture desorption impedes the development of post-combustion
CO2 capture. In the case of solvent absorption, thermal energy consumption (3.11–4.0 MJ/kgCO2)
is required for reboiler heat duty [7]. To this end, it is very important to explore a low-carbon
economy-energy-saving emission reduction road. Controlling the emissions of carbon dioxide and
nitrogen oxides from fossil fuel power plants is an important way of reducing greenhouse gas emissions
in the environment. On the basis of coal-fired units, the rational integration of solar thermal utilization
systems to form an integrated system of pollutant emission reduction for solar-assisted coal-fired units
is an effective way of achieving energy conservation and emission reduction.

In recent years, many scholars have conducted research on the hybrid power generation technology
of the solar generation system, CO2 capture, and fossil fuel units [8]. To make post-combustion CO2

capture (PCC) more suitable for coal-fired power plants, growing interest has been directed to the
flexible operation of PCC [9]. The resource utilization of captured CO2 as a carbon source for the
production of energy storage media offers a technological solution for overcoming CO2 emissions [10].
Beatrice Castellani [11] aimed to assess the carbon and energy footprint of an innovative process
for carbon dioxide recycling. A techno-economic study of the proposed system, which integrated
solar energy into an 800 MW coal-fired power plant, was conducted [12]. A novel solar tower-aided
coal-fired power plant has also been proposed, in which solar energy is used to reheat exhaust steam
from an immediate turbine to improve the operating parameter of the regenerative cycle [13].

Research on synthetic oil heated by solar energy, steam extraction, gas turbines, and so on, as the
heat source of the carbon dioxide capture system, has been conducted [14,15]. Most of these studies
have focused on case analysis, conventional economic evaluation, and feasibility analysis. Additionally,
several solutions have been studied in an attempt to decrease the energy penalty of solar-aided CO2

desorption capture from coal-fired power plants. The idea of solar-aided desorption for carbon capture
first appeared in Australia [16]. The systemic structure, feature, and energy-efficiency performance
for the integrated system of solar-aided power plants have been proposed, and life cycle theory has
been used to analyze solar-aided power plants for carbon desorption processes, including life cycle
assessment and cost analysis [5].

However, the study of integrated systems lacks theoretical research at the system level. To this end,
according to the energy consumption characteristics of carbon capture and the energy consumption
of the liquid ammonia evaporator in the denitrification system, this study proposes integrating the
flue gas waste heat and solar heat into the thermal system of the coal-fired unit, with the aim of
comprehensively seeking the feasibility of integrating the solar-aided CO2 desorption with the coupling
system regarding the thermo-economic cost performances of the presented system. Firstly, a process
description of the proposed system is presented from a thermo-economic perspective. Specifically, in
order to analyze the system performance more clearly, the physical structure and productive structure
of the solar-aided coal-fired power plant are presented. We provide a new method for calculating
the performance of the main equipment based on structural theory. We also use the exergy cost to
evaluate the production performance of the entire system and main equipment, and quantitatively
study and analyze the main reasons leading to the increase in the production cost of the coupling
system. In addition, based on the thermo-economic model, the change law of the unit thermo-economic
cost of the product is analyzed.

2. Methods and Models

2.1. Pollutant Emission Reduction Method of a Solar Auxiliary Coal-Fired Unit

The parabolic trough solar collector is one of the solar collectors with a medium temperature.
All of the solar thermal generation systems operated commercially in America and Europe apply this
technology. Currently, many research institutes are trying to find a way to combine this technology
with fossil fuel power plants. When water is used as a medium which is heated by the direct steam
generation (DSG) solar trough collector integrated with the coal-fired unit, there is not only energy
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transfer, but also the exchange of substances between the two systems. When the flue gas waste heat
and the DSG solar collector provide the heat source for the post-combustion carbon capture system,
and the unit steam extraction provides the heat source for the liquid ammonia evaporator in the
denitration system, the matching of the material flow and energy flow needs to be considered; that is, a
certain amount of water is drawn from a certain part of the thermal system to be heated by the flue gas
waste heat system and the solar heat collection system, which provides a heat source for the carbon
capture system.

In this paper, the N600-24.2/566/566-type generator set is taken as the research object, according
to the calculated acid dew point temperature, the low-pressure economizer is used to heat the No. 3
low-pressure heater (3DJ) to draw the working fluid [17–19], and the solar heat is then collected by
the DSG parabolic trough collector [20]. Furthermore, condensed water is heated to the conditions
required for regeneration of the amine-based catalyst and then introduced into the reboiler as a heat
source for regeneration of the desorbent solution in the carbon dioxide capture system, using its latent
heat of vaporization to provide the reboiler solvent regeneration requirements. At the same time,
steam extraction of the unit is used to provide a heat source for the liquid ammonia evaporator in the
denitration system. In view of the unbalanced solar radiation, in order to ensure that the solar-assisted
coal-fired system can produce a balanced amount of heat required for desorbent regeneration, heat
storage needs to be installed in the system. Considering the parameter matching, the water returned
after heating the reboiler is introduced into the inlet of the No. 5 heater. The integration scheme is
shown in Figure 1.
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collector field; 7, carbon dioxide capture system; 8, deaerator; 9, steam feed pump; 10, No. 3 

high-pressure heater; 11, No. 2 high-pressure heater; 12, No. 1 high-pressure heater; 13, superheater; 

14, high-pressure cylinder; 15, intermediate-pressure cylinder; 16, low-pressure cylinder; 17, 

generator; 18, condenser; 19, condensate pump; 20, seal heater; 21, steam turbine; 22, denitration 
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2.2. The Model of Structural Theory for the Integration System 

In general, the “fuel-product” is used to define the input and output of components in 

thermo-economics. The input and output of the integration system are analyzed according to the 

Figure 1. Integration mode of low pressure economizer system and the solar collector field connected
in parallel with heater. 1, No. 4 low-pressure heater; 2, No. 3 low-pressure heater; 3, No. 2 low-pressure
heater; 4, No. 1 low-pressure heater; 5, low-pressure economizer system; 6, solar collector field;
7, carbon dioxide capture system; 8, deaerator; 9, steam feed pump; 10, No. 3 high-pressure heater;
11, No. 2 high-pressure heater; 12, No. 1 high-pressure heater; 13, superheater; 14, high-pressure
cylinder; 15, intermediate-pressure cylinder; 16, low-pressure cylinder; 17, generator; 18, condenser;
19, condensate pump; 20, seal heater; 21, steam turbine; 22, denitration system.

2.2. The Model of Structural Theory for the Integration System

In general, the “fuel-product” is used to define the input and output of components in
thermo-economics. The input and output of the integration system are analyzed according to
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the physical structure, including the physical structure and production structure. Among them, the
physical structure reflects the physical association between equipment components, and the production
structure reflects the production relationship of the system. In order to clarify the input and output of
each component, it is necessary to divide the physical structure of the thermal system and determine
the “fuel” and “product” of each component [19,20].

2.2.1. Physical Structure

According to the function of each device, the integrated system is divided into the physical
structure shown in Figure 2. According to the arrangement of the steam extraction ports, the steam
turbines are divided as follows: The regulating stage serves as a component, and the remaining steam
extraction ports and steam extraction ports form a component. The steam leakage and shaft seal
systems are grouped into the corresponding steam turbine stage group; each device of the regenerative
system is used as a component; the shaft seal heater and the adjacent low-pressure heater are combined
into a component; the boiler is divided into a superheater component (13) and a reheater component
(17); and the steam turbine (25), condensate pump (28), solar collector field (5), carbon dioxide capture
system (6), denitration system (26), and low-pressure economizer system (4) are considered to be
components, respectively.
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Figure 2. Physical structure of the integration system. 1, No. 4 low-pressure heater; 2, No. 3 low-pressure
heater; 3, No. 2 low-pressure heater; 4, low-pressure economizer system; 5, solar collector field;
6, carbon dioxide capture system; 7, No. 1 low-pressure heater; 8, deaerator; 9, steam feed
pump; 10, No. 3 high-pressure heater; 11, No. 2 high-pressure heater; 12, No. 1 high-pressure
heater; 13, superheater; 14, No. 1 high-pressure cylinder; 15, No. 2 high-pressure cylinder;
16, No. 3 high-pressure cylinder; 17, reheater; 18, No. 1 intermediate-pressure cylinder;
19, No. 2 intermediate-pressure cylinder; 20, No. 1 low-pressure cylinder; 21, No. 2 low-pressure
cylinder; 22, No. 3 low-pressure cylinder; 23, No. 4 low-pressure cylinder; 24, No. 5 low-pressure
cylinder; 25, steam turbine; 26, denitration system; 27, condenser; 28, condensate pump; 29, generator.

2.2.2. Production Structure

In this study, the “fuel-product” is used to define the production purpose of each piece of
equipment. The product (P) is the purpose of the component which is quantified by exergy and the
fuel (FB) is the exergy consumption. According to the function of the production equipment in the
overall situation, the actual flow of the input and output of each piece of equipment is decomposed
or combined to obtain multiple fuel flows and product flows. In this way, the physical structure
diagram of the actual system can be converted into a production structure diagram represented by the
“fuel-product”, as shown in Figure 3. In Figure 3, rectangles represent physical components, diamonds
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represent influx components, and circles represent branch components. The arrows F, P, and N of every
physical component represent the fuel consumption, the product, and the negentropy consumption,
respectively. In the influx or branch components, the inlet and outlet of the exergy or negentropy
remain balanced.

Energies 2020, 13, x FOR PEER REVIEW 5 of 14 

 

and N of every physical component represent the fuel consumption, the product, and the 

negentropy consumption, respectively. In the influx or branch components, the inlet and outlet of 

the exergy or negentropy remain balanced. 

B-SH

DJ4

1

DJ3

2

DJ2

3

DJ1

7

DTR

8

FWP

9

GJ3

10

GJ2

11

GJ1

12

13

RH

17

HP2

15

HP3

16

IP1

18

IP2

19

LP1

20

LP2

21

LP3

22

LP4

23

LP5

24

BFPT

25

CND

27

CP

28

GEN

29

J1

B1

J2

B2

B3

F1 N1F2 N2F3 N3F7 N7F8 N8F9 N9F10 N10F11 N11F12N12

F13

N13

F17

N17

F15N15 F16 N16 F18 N18 F19 N19 F20 N20 F21 N21 F22 N22 F23 N23 F24 N24

F25

N25

F27

W27

N27 Ni

Ni

F28

N28

F29

P1P2P3P7P8P9P10P11P12

P17

P13

P15 P16 P18 P19 P20 P21 P22 P23 P24

P25

P28

P29

HP1

14

F14N14

P14

N6N26 P5

F26 F6 F5 N5

SFRBSG

5626

P4

F4 N4

LPE

4

J3

 

Figure 3. Productive structure of the integration system. 

The production structure diagram is a graphical representation of the production relationship 

of the integrated system, which intuitively reflects the production relationship in the power plant. 

The product P of each component is collected by the influx component J, and then redistributed to 

other components through the branch component B. When the investment cost of equipment 

(external resources) is taken into account, it can be directly input into the corresponding component, 

and the mathematical Equation (1) of the thermo-economics model can be obtained according to the 

production structure diagram. 

= ( , ) =1, ,i i j lB g B x i m  (1) 

where Bi is the inlet flow of each component, xi is the internal parameter set of the component, Bj is 

the output stream of the component, m is the number of components in the production structure, 

and Gi () is the function between Bi and Bj and xi of the i component. Every input and output flow in 

the production system is always represented by exergy, negentropy, cash, enthalpy, or entropy. The 

internal parameter set xl is usually represented by pressure, temperature, efficiency, and so on. 

Setting up a model based on thermo-economics usually requires the thermo-economics model 

to be defined with a linear equation. When the characteristic equation is a homogeneous first-order 

equation on subset Bj, according to Euler theorem, Equation (1) can be represented as 

=1 =1

= ( )=
n n

i
i j ij j

j jj

g
B B k B

B





   (2) 

where n is the number of input flows and kij is the technical product coefficient, which represents the 

proportion of product consumed from component i when the unit product is produced by 

component j. The n × n dimensional matrix <KP> composed of kij is the unit exergy consumption 

matrix, which reflects the distribution of the fuel and product in the structure. 

Figure 3. Productive structure of the integration system.

The production structure diagram is a graphical representation of the production relationship
of the integrated system, which intuitively reflects the production relationship in the power plant.
The product P of each component is collected by the influx component J, and then redistributed to
other components through the branch component B. When the investment cost of equipment (external
resources) is taken into account, it can be directly input into the corresponding component, and the
mathematical Equation (1) of the thermo-economics model can be obtained according to the production
structure diagram.

Bi = gi
(
B j, xl

)
i = 1, · · · , m (1)

where Bi is the inlet flow of each component, xi is the internal parameter set of the component, Bj
is the output stream of the component, m is the number of components in the production structure,
and Gi () is the function between Bi and Bj and xi of the i component. Every input and output flow
in the production system is always represented by exergy, negentropy, cash, enthalpy, or entropy.
The internal parameter set xl is usually represented by pressure, temperature, efficiency, and so on.

Setting up a model based on thermo-economics usually requires the thermo-economics model
to be defined with a linear equation. When the characteristic equation is a homogeneous first-order
equation on subset Bj, according to Euler theorem, Equation (1) can be represented as

Bi =
n∑

j=1

(
∂gi

∂B j
× B j) =

n∑
j=1

ki jB j (2)

where n is the number of input flows and kij is the technical product coefficient, which represents the
proportion of product consumed from component i when the unit product is produced by component



Energies 2020, 13, 4779 6 of 14

j. The n × n dimensional matrix <KP> composed of kij is the unit exergy consumption matrix, which
reflects the distribution of the fuel and product in the structure.

2.2.3. Characteristic Equation

Generally, three types of characteristic models are included in the thermo-economics model:
Characteristic equations for production and dissipation components, structural equations for aggregate
and branch components, and cost calculation equations. The sum of kij, which is the technical
production coefficient of a component, is the unit exergy consumption of this component, and can be
calculated by Equation (3).

k j =
n∑

i=0

ki j =
n∑

i=0

Fi
/
P j = F j/P j (3)

where P is the product, kw; F is the fuel, kw; and i and j represent the i-th component and the j-th
component, respectively.

The characteristic equation of the production and dissipative component is calculated by
Equation (4), which reflects the relationship between production functions Pi and the fuel Fi of
the i-th component with unit exergy efficiency (ki).

Fi = kiPi (4)

The structural equation is composed of the aggregate component Equation (5) and the branch
component Equation (6).

Fi = ri jP j (5)

where rij represents the efficiency and pj is the product of the j-th aggregated component.

F j =
m∑

i=0

Pi (6)

where Fj represents the fuel of the j-th branch assembly.

2.2.4. Exergy Cost Equation

The exergy cost is defined as the amount of exergy required to generate exergy flow in the system.
The unit cost refers to the amount of energy consumed per unit of stream produced, and its dimension
is the ratio of exergy to exergy, which is denoted as k*. The unit exergy cost includes the exergy cost of
unit product k∗p, exergy cost of unit fuel k∗FB, and unit negentropy exergy cost k∗FS. Figure 4 shows the
structural diagram of an energy system.
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In Figure 4, FBm is the fuel input of a system, kW; FSs is the negentropy input of a system, kW; Z is
the non-energy cost input of a system; and FBm, FSs, Z, and P represent the fuel input of the system, the
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negentropy, the non-energy input, and the product, respectively. The exergy cost equation of the above
system is calculated by Equation (7), and the unit exergy cost equation is calculated by Equation (8).

k∗P · P =
m∑

i=1

k∗FB,i · FBi +
s∑

i=1

k∗FS,i · FSi (7)

k∗P,i =
m∑

i=1
k∗FB,i ·

FBi
P +

s∑
i=1

k∗FS,i ·
FSi
P =

m∑
i=1

k∗FB,i · kBi +
s∑

i=1
k∗FS,i · kSi

= (1 + kIi) · k∗FB,i + kSi · k∗FS,i = k∗FB,i + kIi · k∗FB,i + kSi · k∗FS,i

(8)

There are multiple exergy flows transferring between systems or components. Therefore, the
calculation equation of the unit product exergy cost is

k∗P,i = k0,i +
n∑

j=1

k ji · k∗P, j i = 1, 2, . . . , n. (9)

The cost equation expresses the investment cost of the system as a thermodynamic variable and a
functional form of the component product. The unit thermo-economics cost cp of the product belongs
to the economic dimension, and its calculation method is Equation (10).(

U−〈KP〉t
)
cP = (ce+kZ) (10)

In Equation (10), U is a 29 × 29-dimension unit diagonal matrix, <KP>t is the 29 × 29 dimension
transpose matrix of the unit exergy cost, ce is the product vector (10−6 ¥/kJ) of the unit price cFuel and
k0.i, cFuel is equal to the ratio of the coal-fired price to coal-fired calorific value, and k0.i represents the
unit exergy cost of the components by directly obtaining fuel from the environment. kZ is the vector of
cost capital (¥/kJ), which reflects the external investment and other costs needed by the components.
Therefore, Equation (10) can be further divided as follows:

cpi = kBi · cFB,i + kSi · cFS,i + kZi = cFB,i + kIi · cFB,i + kSi · cFS,i + kZi. (11)

3. The Results and Discussion

By applying the structural theory of thermo-economics in the integration system, the formation
and distribution of the generation cost can be analyzed in the carbon capture system of a power
plant, and the internal reasons of the generation cost increase can be revealed. Table 1 shows the
unit cost of each component (product cost, negative entropy cost, fuel cost, etc.) of the solar-assisted
coal-fired unit pollutant emission reduction thermal system under turbine heat acceptance (THA)
conditions. The condenser is a dissipation device and is used to reduce the increase of entropy
produced by the irreversibility in the thermodynamic cycle, so the work substance can return to the
initial state of the thermodynamic cycles. The reduction of entropy means the production of negentropy.
Some scholars [21–24] regard negentropy as the product of the condenser. In thermal economics, it
means that the fuel consumption allocates the fuel resources consumed by the waste heat discharge
of the condenser to each piece of equipment according to the irreversible degree of each piece of
equipment, as the additional fuel consumed by each piece of equipment due to the irreversible entropy
increase. In the integrated system, since the functions of the reboiler and the evaporator are similar
to the condenser, the negative entropy generated by it will be distributed as a product to each piece
of production equipment in the production system. Therefore, in the entire system, except for the
condenser, reboiler, evaporator, and generator, all equipment consumes negative entropy.
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Table 1. Composition of the coal.

Car Har Oar Nar Sar

60.40 2.89 3.07 0.87 0.68

Here, Car, Har, Oar, Nar, and Sar represent carbon, hydrogen, oxygen, nitrogen, and sulfur in the fuel, as received (%).

The system in Figure 1 was studied and the composition of the coal is shown in Table 1. In addition,
the chemical exergy of the coal was 24,209.82 kJ/kg [25], and the radiation exergy model of solar thermal
power generation was calculated [26,27]. The expression applies in the case of fully concentrated solar
radiation and blackbody absorbers. If solar collectors consider a small concentration ratio and their
absorbers are not blackbody, but selective, exergy factors refer to other literature [28].

According to the equation of the exergy cost, the unit product exergy cost is composed of the fuel
exergy cost, irreversibility exergy cost, and negentropy exergy cost. It can be seen from Table 2 that the
product exergy cost, negative entropy cost, and fuel exergy cost in the integrated system are higher
than those in the original system. This is due to the low efficiency of the solar heat collecting field and
the increased consumption of the integrated system.

There is a different unit fuel exergy cost k*
FB in the irreversibility produced by different equipment

in the original system and integration system. When the product is determined, the k*
FB equals

the irreversible unit exergy cost. The unit product exergy cost and unit fuel exergy cost have a
decreasing trend along the direction of the thermodynamic cycle. Specifically, for the feedwater heater
system components, k*P gradually decreases from the low-pressure heater to the high-pressure heater,
reaching a minimum value at 1 GJ. The original system and the integrated system are 2.178 and
2.631 kw/kw, respectively. For the steam turbine stage group, the exergy costs of the high-pressure
cylinder adjustment stage group HP1 and the low-pressure cylinder final stage group LP5 are larger
than other stage groups. The main reason for this is that the HP1 has a larger steam loss, and the LP5
wet steam loss is greater. The unit cost k*P of the generator (GEN) in the integrated system is relatively
high, equaling 2.764 kw/kw, mainly due to the higher unit cost of fuel. The unit product exergy cost of
superheater assembly (B-SH) and reheater assembly(RH) is much higher than their unit fuel exergy
cost, because of the irreversible loss in the boiler.

The unit product exergy cost of the low-pressure economizer is the highest (5.795 kw/kw).
The reason for this is that the exergy loss of the low-pressure economizer is high and the exergy
efficiency is low. The unit product exergy cost of solar collector field (SF) is 4.538 kw/kw. This is
mainly because of the high exergy loss and the low exergy efficiency. The exergy efficiency of the solar
collector field is low, and it consumes so much solar exergy to heat the condensate water that the unit
exergy costs of most of the components in the integration system are higher than those of the original
system. The reason for the increasing exergy cost of No. 4 low-pressure heater (4DJ), B-SH, RH, Small
steam turbine(BFPT), reboiler (RB) and denitration system (SG) is mainly the high specific irreversible
exergy cost and high specific negentropy cost. Moreover, the increase of the exergy cost caused by
specific negentropy is much lower than that caused by specific irreversibility. The specific irreversible
exergy cost of 4DJ is the highest among all heaters. This is mainly because of the increase of internal
exergy loss caused by heat exchange at a low temperature. The fuel exergy cost of SF and LPE is 0,
which is due to the zero consumption of fossil fuel. The increase in cost due to the negative entropy of
condenser (CND), GEN, RB, and SG is zero, mainly because CND is a condenser component, and GEN,
RB, and SG are similar condenser components, which do not consume negative entropy. Furthermore,
the reason for the higher cost of other component products is the higher cost of fuel consumed.
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The unit exergy cost reflects the structure of the energy cost. However, it cannot precisely reflect
the effect of the energy price, equipment investment, and other non-energy costs. In order to precisely
reflect the unit thermo-economic cost, the elements, including the impact of the energy price, equipment
investment, and other non-energy costs, must be considered. It can be seen from Equation (11) that
the thermo-economic cost of the system is composed of the fuel unit thermo-economic cost, unit
thermo-economic cost caused by irreversibility, unit thermo-economic cost caused by the consumption
of negentropy, and investment thermo-economic cost. Table 3 reflects the thermo-economic cost and its
distribution law of the original system and integration system, without considering the investment cost.

Table 2. Unit exergy costs of the integration system and original system.

Serial
Number

Component
Product Exergy Cost Fuel Exergy Cost Specific Irreversible

Exergy Cost
Specific Negentropy

Exergy Cost

Original
System

Integration
System

Original
System

Integration
System

Original
System

Integration
System

Original
System

Integration
System

1 4DJ 3.196 3.931 2.086 2.524 1.026 1.153 0.084 0.254

2 3DJ 2.477 2.976 2.086 2.524 0.373 0.402 0.017 0.049

3 2DJ 2.381 2.717 2.086 2.524 0.282 0.079 0.013 0.113

4 LPE - 5.795 - 1 - 3.596 - 1.199

5 SF - 4.538 - 1 - 2.651 - 0.886

6 RB - 0.952 - 2.524 - 0.952 - -

7 1DJ 2.354 2.865 2.086 2.524 0.256 0.23 0.012 0.11

8 DTR 2.284 3.073 2.086 2.524 0.151 0.486 0.047 0.062

9 FWP 2.943 3.712 2.728 3.626 0.2 0.075 0.015 0.011

10 3GJ 2.329 2.791 2.086 2.524 0.231 0.236 0.011 0.031

11 2GJ 2.214 2.679 2.086 2.524 0.122 0.137 0.006 0.018

12 1GJ 2.178 2.631 2.086 2.524 0.087 0.094 0.004 0.012

13 B-SH 2.022 2.204 1 1 0.941 0.94 0.081 0.264

14 HP1 2.535 2.984 2.086 2.524 0.427 0.406 0.021 0.054

15 HP2 2.185 2.665 2.086 2.524 0.094 0.124 0.005 0.016

16 HP3 2.195 2.681 2.086 2.524 0.104 0.139 0.005 0.018

17 RH 2.015 2.109 1 1 0.934 0.868 0.081 0.242

18 IP1 2.185 2.678 2.086 2.524 0.095 0.135 0.005 0.018

19 IP2 2.143 2.606 2.086 2.524 0.054 0.072 0.003 0.01

20 LP1 2.176 2.648 2.086 2.524 0.086 0.109 0.004 0.014

21 LP2 2.145 2.6 2.086 2.524 0.056 0.067 0.003 0.009

22 LP3 2.144 2.615 2.086 2.524 0.055 0.08 0.003 0.011

23 LP4 2.174 2.633 2.086 2.524 0.084 0.096 0.004 0.013

24 LP5 2.445 2.994 2.086 2.524 0.342 0.414 0.017 0.055

25 BFPT 2.728 3.626 2.086 2.524 0.611 0.973 0.03 0.129

26 SG - 1.263 - 2.524 - 1.263 - -

27 CND 0.103 0.108 2.086 2.129 0.102 0.104 0 0

28 CP 2.892 3.577 2.27 2.764 0.595 0.725 0.027 0.088

29 GEN 2.27 2.764 2.225 2.709 0.045 0.055 0 0

It can be seen from Table 3 that the unit product thermo-economic cost of the components in the
integration system is lower than that in the original system. The reason for this is that the exergy cost
consumption of the solar collector field in the integration system is 0, which reduces the energy cost.
The unit product thermo-economic cost of the low-pressure economizer and solar collector field equals
their negentropy thermo-economic cost, without considering the investment cost.
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Table 3. Structure of the thermo-economic cost (without considering the investment costs).

Serial
Number

Component

Product Unit
Thermo-Economic Cost

Fuel Unit
Thermo-Economic Cost’

Increase of the
Thermo-Economic Cost

Caused by Irreversibilities

Increase of the
Thermo-Economic

CostCased by Negentropy

Original
System

Integration
System

Original
System

Integration
System

Original
System

Integration
System

Original
System

Integration
System

1 4DJ 97.179 96.435 63.428 61.931 31.197 28.275 2.554 6.23

2 3DJ 75.305 72.998 63.428 61.931 11.351 9.855 0.526 1.212

3 2DJ 72.38 66.66 63.428 61.931 8.559 1.947 0.394 2.782

4 LPE - 29.404 - 0 - 0 - 29.404

5 SF - 21.746 - 0 - 0 - 21.746

6 RB - 85.282 - 61.931 - 23.351 - -

7 1DJ 71.576 70.28 63.428 61.931 7.787 5.642 0.361 2.707

8 DTR 69.441 75.383 63.428 61.931 4.587 11.927 1.426 1.525

9 FWP 89.487 91.066 82.938 88.959 6.092 1.842 0.457 0.265

10 3GJ 70.813 68.478 63.428 61.931 7.038 5.781 0.347 0.766

11 2GJ 67.32 65.735 63.428 61.931 3.71 3.359 0.183 0.445

12 1GJ 66.207 64.552 63.428 61.931 2.649 2.315 0.131 0.307

13 B-SH 61.49 65.447 30.404 30.404 28.61 28.572 2.475 6.471

14 HP1 77.061 73.214 63.428 61.931 12.992 9.964 0.642 1.32

15 HP2 66.421 65.37 63.428 61.931 2.852 3.037 0.141 0.402

16 HP3 66.743 65.78 63.428 61.931 3.159 3.399 0.156 0.45

17 RH 61.264 62.712 30.404 30.404 28.404 26.381 2.456 5.926

18 IP1 66.445 65.687 63.428 61.931 2.876 3.317 0.142 0.439

19 IP2 65.148 63.924 63.428 61.931 1.64 1.76 0.081 0.233

20 LP1 66.172 64.952 63.428 61.931 2.615 2.668 0.129 0.353

21 LP2 65.203 63.781 63.428 61.931 1.692 1.634 0.084 0.216

22 LP3 65.184 64.156 63.428 61.931 1.674 1.965 0.083 0.26

23 LP4 66.113 64.589 63.428 61.931 2.559 2.347 0.126 0.311

24 LP5 74.343 73.444 63.428 61.931 10.402 10.167 0.514 1.346

25 BFPT 82.938 88.959 63.428 61.931 18.592 23.867 0.918 3.161

26 SG - 30.973 - 61.931 - 30.973 - 0

27 CND 3.132 2.646 63.428 61.931 3.098 3.025 - 0

28 CP 87.938 87.73 69.023 67.806 18.093 17.774 0.821 2.15

29 GEN 69.023 67.806 67.65 66.456 1.374 1.349 0 0

When the investment cost is considered, the thermo-economic cost of the system is composed of
the unit fuel exergy cost, the thermo-economic cost caused by irreversibility, and the thermo-economic
cost caused by the consumption of negentropy. The installation and acquisition cost is included
in the investment cost and the construction cost of other equipment is not considered [19,29–31].
When the radiant intensity is 800 W/m2, the solar collector field can be calculated according to its area.
The composition of the unit thermo-economic cost and its distribution law in the original system and
the integration system considering the investment cost are shown in Table 4.

It can be seen from Table 4 that the product thermo-economic cost of the components in the
integration system is higher than that in the original system. The reason for this is that the investment
costs of the solar collector field, CO2 removal system, low-pressure economizer, and denitration system
increase the cost. It can also be seen from Table 4 that the cost increase caused by the irreversible ratio
of components such as 4DJ, B-SH, RH, LPE, SF, RB, and SG accounts for the largest proportion of
the unit thermo-economics cost, because these components display relatively big irreversible losses.
The unit product thermo-economic cost of the low-pressure economizer and solar collector field is
composed of the thermo-economic cost caused by irreversibility and the consumption of negentropy.
Their fuel exergy cost is 0. The large irreversible loss and large negative entropy consumption of the
low-pressure economizer and heat collector field are mainly caused by the low efficiency of the heat
collector field. The unit product thermal economic cost caused by the investment cost of the liquid
ammonia evaporator in the denitration system is very high, mainly because the investment cost of the
denitration system is large and the product negative entropy is small.
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Table 4. Structure of the thermo-economic cost (considering the investment costs).

Serial
Number

Component

Product Unit
Thermo-Economic Cost

Fuel Unit
Thermo-Economic Cost’

Increase of the
Thermo-Economic Cost

Caused by Irreversibilities

Increase of the
Thermo-Economic Cost
Cased by Negentropy

Original
System

Integration
System

Original
System

Integration
System

Original
System

Integration
System

Original
System

Integration
System

1 4DJ 211.383 278.481 101.198 136.918 49.775 62.512 5.999 27.927

2 3DJ 148.653 191.59 101.198 136.918 18.111 21.789 1.236 5.435

3 2DJ 140.66 193.79 101.198 136.918 13.656 4.305 0.925 12.472

4 LPE - 155.11 - 0 - 0 - 131.814

5 SF - 232.249 - 0 - 0 - 97.485

6 RB - 105.131 - 136.918 - 51.625 - 0

7 1DJ 135.977 185.402 101.198 136.918 12.424 12.473 0.848 12.137

8 DTR 124.902 183.184 101.198 136.918 7.318 26.369 3.349 6.838

9 FWP 188.473 256.887 156.599 230.329 11.503 4.769 1.074 1.189

10 3GJ 126.1 165.552 101.198 136.918 11.229 12.782 0.816 3.432

11 2GJ 119.104 157.721 101.198 136.918 5.919 7.427 0.43 1.994

12 1GJ 117.333 154.818 101.198 136.918 4.226 5.117 0.307 1.374

13 B-SH 96.34 119.613 30.404 30.404 28.61 28.572 5.813 29.01

14 HP1 142.51 182.477 101.198 136.918 20.729 22.028 1.507 5.915

15 HP2 119.981 159.486 101.198 136.918 4.551 6.715 0.331 1.803

16 HP3 125.221 165.277 101.198 136.918 5.04 7.514 0.366 2.018

17 RH 82.673 100.883 30.404 30.404 28.404 26.381 5.767 26.567

18 IP1 121.429 157.37 101.198 136.918 4.588 7.333 0.334 1.969

19 IP2 119.431 158.416 101.198 136.918 2.616 3.891 0.19 1.045

20 LP1 120.629 160.697 101.198 136.918 4.172 5.899 0.303 1.584

21 LP2 122.872 162.492 101.198 136.918 2.699 3.613 0.196 0.97

22 LP3 123.2 162.482 101.198 136.918 2.67 4.345 0.194 1.167

23 LP4 125.013 162.98 101.198 136.918 4.084 5.189 0.297 1.394

24 LP5 134.825 181.248 101.198 136.918 16.596 22.477 1.207 6.036

25 BFPT 156.599 230.329 101.198 136.918 29.663 52.766 2.156 14.17

26 SG - 16180.037 - 136.918 - 68.477 - 0

27 CND 7.357 8.12 101.198 136.918 4.943 6.688 0 0

28 CP 178.603 237.517 129.17 169.641 33.86 44.468 1.929 9.638

29 GEN 129.17 169.641 124.323 164.035 2.524 3.331 0 0

Solar radiation is changing at any time, so in the integrated system of the carbon dioxide emission
reduction of solar-assisted coal-fired power generation, there are many optional solar radiation design
intensities. Different radiation intensities not only affect the thermal economy of the unit, but also
have a certain impact on the technical economy. As a result, the efficiency of the collector will change,
and the heat released by the solar collector will also change. When the radiant intensity changes, the
storage device or the 5 section extraction steam will be used as the heat source of the carbon emission
reduction system and will provide the heat needed by the regeneration of the desorbent. The efficiency
and area of the solar collector field can be calculated according to the radiation intensity. When the
energy produced by the solar collector is certain and the radiant intensity is changing, the relationship
between the efficiency and area is as shown in Figure 5. It can be seen from Figure 5 that the efficiency
of solar collectors has an increasing trend with an increasing radiation intensity. The area of the solar
collector field is closely related to the heat release and the efficiency. When the heat release is certain,
the area of the collector field decreases with the increase of the radiation intensity. For the radiation
distribution of a certain area, if a high radiation intensity is selected, the area of the solar collector
field can be reduced, but if the solar radiation intensity in this area is always lower than the design
value, the collector is in a low-load operating state, which reduces the thermal efficiency. If the actual
radiation intensity is greater than this design value, the collector field will be operated under the rated
working conditions. According to the designed heat storage device, the excess heat generated can be
saved by the heat storage device. When the radiation intensity is zero, and the heat storage device has
no stored heat, the standby steam source is activated to provide regenerative heat.
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The increase in energy consumption and investment costs raises the cost of generating electricity
for the pollutant emission reduction system of solar-assisted coal-fired units, and it also highlights the
economic obstacles to the reduction of pollutant emissions of solar-powered coal-fired units. However,
if taxes are imposed on CO2 emissions and the CO2 product is sold, the integrated system is expected
to break through economic obstacles and achieve massive CO2 emission reductions. Considering the
environmental impact, CO2 removal is necessary and beneficial. Therefore, the integrated system is
not only environmentally friendly, but also has high economic competitiveness.

4. Conclusions

In this present paper, an integrated system combining fuel gas and solar-aided CO2 desorption
with a 600 MW coal-fired power plant is proposed and studied. The information provided by the
conventional thermodynamic methods to evaluate the production performance of the system and
devices has proved to be insufficient, and only considers the thermal performance evaluation of the
system, while neglecting the cost factors. In this paper, the cost analysis method based on the structural
theory of thermo-economics is applied to the integrated system. The thermo-economic model and the
exergy cost model for the integrated system based on the fuel-product concept have been defined to
quantify the productive interaction between different devices. The physical structure sketch and the
productive structure sketch were drawn and a thermo-economic model and a cost model based on the
definition of the fuel-product were established. The production relation between units was analyzed,
and the composition and distribution of the exergy cost and thermo-economic cost of each unit were
studied. The influence of the fuel price and equipment investment cost of the thermo-economic cost
for each product was studied. According to the presented results, several conclusions can be drawn,
as follows:

(1) The insufficiency of the traditional thermodynamics analysis is compensated for by the structural
theory of thermo-economics. The information of the cost structure and energy transformation of
the relevant equipment can be analyzed based on this theory;

(2) The unit exergy cost and its distribution law in every component in the integration system and
the original system are calculated based on the structural theory. The high exergy cost of the
components in the integration system is mainly due to the increase of the irreversible exergy cost.
The unit exergy cost of the component is impacted by the exergy efficiency and fuel exergy cost of
the component. The unit exergy cost can be reduced by increasing the exergy efficiency of the
boiler and solar collector field;



Energies 2020, 13, 4779 13 of 14

(3) The composition and distribution law of the unit product thermo-economic cost of the integration
system and the original system is analyzed based on the equation of the thermo-economic cost.
The influence of the fuel price and equipment investment on the product thermo-economic cost
of every component is studied.
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