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 Improving the energy use efficiency of the energy system is of great significance to the 
development of the national energy economy and the improvement of the national 
economic competitiveness. The existing domestic research on thermo-economic costs is 
insufficient. For example, there is no research on the allocation of thermo-economic costs 
and on the complex energy network with multiple energy outputs. Therefore, this paper 
reconstructs and optimizes the thermo-economic cost analysis model for the complex 
energy network. First, the thermo-economic cost model for each sub-network and that for 
each energy output of the complex energy network were established, and the structure 
block diagram of the distributed thermo-economic cost allocation model for the complex 
energy network was given. Then, a local-global decomposition optimization method was 
proposed for the complex energy network to achieve the thermo-economic optimization of 
the complex energy network. The experimental results proved the effectiveness of the 
proposed algorithm. 
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1. INTRODUCTION 
 

The energy industry is the material basis for modernization, 
and establishing an energy supply network with high security 
and high reliability should be a core development strategy, 
whether in a developed or developing country [1-4]. 
Improving the energy use efficiency of the energy system is of 
great significance to the development of the national energy 
economy and the improvement of the national economic 
competitiveness [5-9]. Currently, the analysis of the energy 
network with various forms of heat-work conversion is mainly 
based on the theory of thermodynamic analysis. In the energy 
conservation analysis and optimization of the complex energy 
network, the traditional analysis technology cannot quantify 
the irreversible loss in the energy production process, while 
the thermo-economic analysis method, which introduces the 
concept of cost, can solve the above problem [10-16]. 

Ghorbani et al. [17] developed and analyzed an integrated 
energy system consisting of photovoltaic collectors, a jet 
refrigeration cycle and phase-change material storage. The 
power and refrigeration capacities of the proposed system are 
about 6666 kW and 5395 kW, respectively. Through energy 
and exergy analysis, it was found that the total heat efficiency 
and the total exergy efficiency of the system were 
approximately 60.51% and 50.84%, respectively. Yue et al. 
[18] compared the overall thermal and economic performance 
of the vehicle energy supply system with an independent 
organic Rankine cycle subsystem for waste heat recovery and 
the traditional vehicle energy supply system, and verified that 
the proposed system has significant advantages in both 
thermal and economic performance. Owebor et al. [19] 
proposed an energy, exergy, environmental and economic 
analysis model for municipal waste-to-energy plants, and 
generate the solution and simulation of the model in Gasify, 

Engineering Equation Solver and MS Excel. Ogorure et al. [20] 
introduced an energy, exergy, environmental and economic 
analysis method for multi-generation plants that use 
agricultural waste to generate power, and put forward the 
energo environmental sustainability and economic 
sustainability indexes to comprehensively evaluate the 
sustainability of the proposed power plant. Favre et al. [21] 
proposed a method that can optimize the coupling relationship 
between the local renewable energy production system and the 
energy storage equipment and different users like buildings 
and their peripheral equipment. The optimization criteria 
include the independence of renewable energy and the 
ecological and economic costs. Zhu et al. [22] proposed three 
integration schemes for the hybrid energy system, performed 
thermo-economic analysis of the three schemes with the 
trough solar and thermal power units as examples, and 
calculated the LEC of the solar optimization scheme. 

Currently, the research on thermo-economic costs at home 
and abroad focuses on the specific application of 4 models like 
the accounting model, the matrix model, the structural model 
and the optimization model, while little has been done on the 
allocation of thermo-economic costs and the complex energy 
network with multiple energy outputs. Therefore, a thermo-
economic cost analysis model was reconstructed and 
optimized for the complex energy network in this paper. The 
main content of this paper is as follows: 1) A thermo-economic 
cost model was constructed for each sub-network of the 
complex energy network; 2) a thermo-economic cost model 
was constructed for each energy output of the complex energy 
network; 3) the structural block diagram of the distributed 
thermo-economic cost allocation model for the complex 
energy network was given; 4) a local-global decomposition 
optimization method was proposed for the complex energy 
network to complete the thermo-economic optimization of the 
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complex energy network; 5) the process flow of the thermo-
economic optimization algorithm was provided for the 
complex energy network; 6) An experiment was conducted to 
verify the effectiveness of the proposed algorithm. 
 
 
2. CONSTRUCTIONS OF THE THERMO-ECONOMIC 
COST MODEL FOR EACH SUB-NETWORK OF THE 
COMPLEX ENERGY NETWORK 
 

Let the unit thermo-economic cost of the exergy flow in the 
complex energy network be denoted as ξ, the event matrix 
describing the relationship between the energy sub-network 
and each exergy flow be denoted as D, and the exergy cost of 
the complex energy network as E. For a given complex energy 
network, the distribution of the exergy flows in the network 
and the structure of the sub-networks are known. Based on the 
reasoning process of the exergy cost calculation matrix, first n 
exergy cost balance equations are listed for n sub-networks, 
and according to the idea of block matrix, the following 
equation is formed: 
 

0D Eξ× + =  (1) 
 

Since the number of sub-networks n is always smaller than 
the number of exergy flows m, if the calculation matrix is 
required to have one unique solution, it is necessary to 
establish (m-n) supplementary equations to make it full rank. 
Assuming that the supplementary event matrix is represented 
by β, that the unit exergy cost by eσ, and that the column vector 
by σ, the supplementary equation is shown in Eq. (2): 
 

[ ] 0eσβ ξ σ× − =  (2) 
 

The formed calculation matrix of (m, m) is shown in Eq. (3): 
 

* * 0D Eξ× + =  (3) 
 
where, 
 

* E
E

eσσ
 

=  − 
 (4) 

 
Assuming that D is an invertible matrix, the unit thermo-

economic cost ξ of exergy flow in the complex energy network 
can be obtained as follows: 
 

* 1 *D Eξ −= − ×  (5) 
 

The calculation formula of the total thermo-economic cost 
of exergy flows in the complex energy network is expressed in 
Eq. (6): 
 

( )* 1* * 1 *
GC D Eξ − −= − × ×  (6) 

 

Different forms of energy have different exergy values and 
are subject to different influencing factors (Table 1). For 
example, the exergy values of fossil fuels are mainly 
calculated based on environmental parameters and their 
components, while the exergy value of solar energy is 
determined by the solar radiation area, and that of wind energy 
by the wind force, and that of biomass energy depends on the 
specific biological material. It is not appropriate to input all 
forms of energy into the complex energy network based on the 
concept of exergy only. 

Regarding the allocation of thermo-economic costs between 
sub-networks or exergy flows, it is important to consider the 
inequivalence of exergy and divide the costs into two parts: the 
allocation of energy costs and non-energy costs. Assuming 
that the i-th sub-network has a total of j exergy flows, with a 
unit exergy price of ei,j, the specific exergy cost of this sub-
network can be defined as the internal average unit price of all 
input exergy flows in the sub-network, calculated according to 
Eq. (7): 
 

, ,

,

ˆ i j i j
i

i j

C e
C

C
= ∑
∑

 (7) 

 
The non-energy cost allocated to the unit exergy cost of the 

input exergy flows in the i-th sub-network is defined as the 
specific non-energy cost of the sub-network, calculated 
according to Eq. (8): 
 

,

ˆ mi
mi

i j

E
E

C
= ∑
∑

 (8) 

 
Assuming that the exergy efficiency of the j-th exergy flow 

in the i-th sub-network is represented by δi,j, the corresponding 
calculation formula of unit exergy cost is expressed as Eq. (9): 
 

,
,

ˆ ˆ
ˆ i ni

i j
i j

C E
e

δ
+

=  (9) 

 
Assuming that the growth factor of the unit exergy cost of 

the j-th exergy flow in the i-th sub-network is represented by 
αi,j, the unit exergy cost also satisfies: 
 

, ,î j i j ime eα=  (10) 
 
αi,j can be expressed as: 

 
,

,
,

ˆ ˆ
î j i mi

i j
im i j

e C E
e

α
δ
+

= =  (11) 

 
From the above formula, αi,j is determined by the specific 

energy cost ei
*, the specific non-energy cost Emi

*, the exergy 
efficiency δi,j and the unit price of input exergy ei,j. In 
particular, αi,j is directly proportional to the total exergy cost 
of the network, and inversely proportional to δi,j. 

Table 1. Unit exergy costs of different forms of energy 
 

Energy Coal Natural gas Solar energy Wind energy Biomass energy Electric energy 
Exergy value 26756 51998 363 3400 17534 3500 

Price 475 4132.8 / / 320 618.25 
Unit exergy cost 18.23 82.31 / / 19.72 172.31 

1254



3. CONSTRUCTION OF A THERMO-ECONOMIC 
COST MODEL FOR EACH ENERGY OUTPUT OF 
THE COMPLEX ENERGY NETWORK 
 

 
 

Figure 1. Thermo-economic cost allocation model for a 
single-input multi-output energy network 

 
If the energy network under study is a traditional network 

with a single energy input and multiple energy outputs, the 
proportion of output energy can be ignored in the thermo-
economic cost allocation analysis, and only the total amount 
of output exergy is considered. Figure 1 shows the thermo-
economic cost allocation model for the network. Assuming 
that the input exergy flow into the i-th network conversion 
node of the network during the study period is represented by 
Ci

*, that the unit price of the output exergy flow at this node 
by Te, and that the j-th output exergy flow of this node by Cij

**, 
the constructed exergy transformation model can be expressed 
as Eq. (12): 
 

1

i i i
e m

ij
j

e C M
T

C

∗ ∗

∗∗

=

+
=

∑
 

(12) 

 
Based on the traditional exergy cost allocation method, the 

cost of the output exergy at a node of this type of energy 
network can be regarded as approximately equal, then: 
 

1 2 ... ...e e ei el eT T T T T= = = = =  (13) 
 

In this type of energy network, whether exergy is output in 
the form of electricity, heat, gas or cold, the output exergy can 
still be divided into primary and auxiliary ones. Although the 
cost of output exergy is equal, the cost of the main input exergy 
can be easily underestimated and the necessity of auxiliary 
output energy overestimated. Therefore, this paper established 
a distributed thermo-economic cost allocation model for the 
complex energy network that fully considers the proportion of 
primary and auxiliary energy output, and set the following two 
rules for this type of cost allocation problem: 

1) The energy cost of the network input exergy is all 
allocated to the cost of the primary output exergy and no cost  
is allocated to the auxiliary output energy; 

2) The non-energy costs are allocated to the main and 
auxiliary output exergy according to the different types of 
equipment and labor, etc. 

 

 
 

Figure 2. Distributed thermo-economic cost allocation model 
for the complex energy network 

 
Figure 2 shows the distributed thermo-economic cost 

allocation model for the complex energy network. Suppose 
that the primary output exergy of the distributed complex 
energy network exergy conversion model is the 1-h-th output 
exergy, and that the auxiliary output exergy is the remaining 
h+1-m-th output exergy. Let the exergy flow entering the i-th 
network conversion node during the study period be denoted 
as Ci

*, the total flow of the primary and auxiliary output exergy 
at the corresponding node as Σm

p=1Cik
**, the total flow of the 

primary output exergy as Σh
l=1Cil

**, and the non-energy cost of 
the output exergy at this node as Mi, and then the thermo-
economic cost calculation formula for the primary output 
exergy is expressed as Eq. (14): 
 

1 1

1, 2,...,i i i
e h m

il ip
l k

e C M
T i h

C C

∗ ∗

∗∗ ∗∗

= =

= + =

∑ ∑
,  

(14) 

 
Assuming that the j-th auxiliary output exergy flow at the i-

th network conversion node during the study period is 
represented by Cij

**, and that the non-energy cost of the output 
exergy flow at this node by Mi, the thermo-economic cost 
calculation formula for theauxiliary output exergy is expressed 
as Eq. (15): 
 

( )

1

1 ,...,   i
e m

ip
p

M
T i h m

C∗∗

=

= = +

∑
,  

(15) 

 
In summary, the distributed thermo-economic cost 

allocation model for the complex energy network proposed in 
this paper consists of the energy cost model for each exergy 
flow or sub-network, the energy cost + non-energy cost model 
for each exergy flow or sub-network and the exergy cost 
model for each form of output energy. The exergy cost model 
for each form of output energy based on the first two layers of 
models can be used to calculate the exergy cost of each energy 
output and provide a reference for its pricing (Figure 3). 
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Figure 3. Distributed thermo-economic cost allocation model for the complex energy network 
 

 
4. THERMO-ECONOMIC OPTIMIZATION OF THE 
COMPLEX ENERGY NETWORK 
 

The thermo-economic analysis method, which has 
introduced the concept of cost, can help expand the thermo-
economic cost allocation problem of the complex energy 
network. However, with the continuous development of the 
energy industry, the internal structure of the energy network 
has become more complex and contained more parameters. 
When the global optimization method is used to solve the 
problem, the convergence speed will be very slow due to the 
restriction of the constraint equation. If the complex energy 
network is decomposed into several sub-networks and locally 
optimized, the convergence speed will be faster, but usually 
the true global optimum cannot be achieved. 

In view of the problems of global optimization and local 
optimization, this paper constructed a local-global 
decomposition optimization method suitable for the complex 
energy network. In this method, all sub-networks are divided 
based on the degree of coupling between the sub-networks, 
and those with a higher degree of coupling are divided into one 
group; each group is locally optimized, and the sub-networks 
with a lower degree of coupling are combined and then 
globally optimized. Based on this method, the complex energy 
network can approach the thermo-economic optimality 
conditions as fast as possible. 
 
4.1 Construction of the optimization model  
 

The constructed thermo-economic cost allocation 
optimization model for the complex energy network aims to 
optimize the overall cost allocation objective under certain 
restrictions or constraints. The model consists of two parts: 
constraint conditions and the optimization objective. The 
mathematical expression of the model optimization objective 
is shown in Eq. (16): 
 

( )
a

min g a  (16) 
 
where, the independent variable set of the complex energy 
network is denoted as a: 
 

( )1 2, ,..., ma a a a=  (17) 
 

a is subject to the equality constraint fi due to the mass 
balance, energy balance, and physical and chemical 
mechanism equations of the process: 
 

( ) 0   1, 2,...,if a i n= =  (18) 

At the same time, it is subject to the inequality constraint hi 
due to the limits, security, stability, and environmental 
requirements of the network design and operation: 
 

( ) 0   1, 2,...,jh a j v≤ =  (19) 
 

a can be divided into three subsets, namely the independent 
variable subset p used for operation optimization, the 
independent variable subset q for design optimization, and the 
independent variable subset r for comprehensive optimization: 
 

( ), ,a p q r=  (20) 
 
where, p represents such independent variables as load factor, 
mass flow, pressure and temperature, q represents such 
independent variables as unit load, isentropic efficiency, heat 
difference of heater, and r represents whether the sub-network 
has an optimal process structure or binary-state variable in the 
configuration. Each sub-network has a corresponding r. The 
objective function shown in Eq. (16) can be transformed into: 
 

( )
p,q,r
min g p,q,r  (21) 

 
For a given complex energy network, r is known at this time, 

and the cost allocation optimization of the network only 
involves design optimization and operation optimization: 
 

( )Sp,q
min g p,q  (22) 

 
If the network structure and operation requirements are 

known, that is, r and q are known, the cost allocation 
optimization of the network only involves operation 
optimization: 
 

( )UHp
min g p  (23) 

 
In order to reduce the complexity of the thermo-economic 

cost allocation optimization of the complex energy network, 
the optimum synthesis of the network is ignored. It is 
determined that all equipment except generators and 
condensers are within the optimization range of the complex 
energy network, including boilers, steam turbines, heat 
exchangers and water pumps, etc. Let the thermodynamic 
efficiency of a boiler be denoted as ΦGL, that of a steam turbine 
as ΦMO, that of a heat exchanger and a water pump as ΦHE and 
ΦWP, the heat difference at the feed outlet of a heater as WSEHO, 
and the temperature of the boiler main steam and the reheat 
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steam as ψZQ. The characteristic variables related to the design 
and operation of equipment, such as efficiency, heat difference, 
and temperature, can be taken as the independent variable a of 
the network: 
 

(

)

O11 O12 O13 O14 O21

O22 O23 O31 O32 1

2 3 4 5 6

,

, , , , ,

GL M M M M M

M M M M HE WP HO

HO HO HO HO HO ZQ

a Φ ,Φ ,Φ ,Φ ,Φ ,Φ ,
Φ ,Φ ,Φ ,Φ ,Φ ,Φ ,WSE

WSE WSE WSE WSE WSE ψ

=

 (24) 

 
4.2 Global optimization 
 

Under the condition that the economic environmental 
factors such as the interest rate and the inflation rate and the 
physical environmental factors such as the annual operating 
hours of the complex energy network are fixed, the global 
optimization of the complex energy network can be expressed 
as the minimization of the external resources ER consumed by 
the network and the total investment IN, that is, the 
minimization of the total annual cost of the network Ψ, through 
the adjustment of the internal independent variable a of the 
network under a certain net load. Assuming that the unit price 
of the external fuel is represented by oER,i and that the 
amortization factor by μ, then: 
 

1 1

c n

RL IN ER,i i sa i s
minΨ Ψ Ψ o ER INµ

= =

= + = +∑ ∑  (25) 

 
Assuming that the dependent variables including the 

temperature, pressure, flow rate, and specific enthalpy of each 
exergy flow are represented by b=(b1, b2, …, bl), and that the 
constraint equation that characterizes the features of quality, 
energy, and equipment of the complex energy network by fj(a，
b), the independent variable a is subject to the equality 
constraint fi(a, b): 
 

( ), 0,    1,...,jf a b j J= =  (26) 
 

Assuming that the constraint equation that characterizes the 
security, stability and environmental requirements of the 
complex energy network is represented by hl(a, b), a is subject 
to the inequality constraint hl: 
 

( ), 0,    1,...,lh a b l L≤ =  (27) 
 

The external fuel consumption in the objective function can 
be determined by the function shown in Eq. (28): 
 

( ), ,    1,...,i iER ER a b i t= =  (28) 
 

The investment cost in the objective function can be 
determined by the function shown in Eq. (29): 
 

( ), ,    1,...,s sIN IN a b s n= =  (29) 
 

The external fuel consumption function ERi(a, b) of the 
complex energy network under study is determined by the 
fuel-output model. The equipment investment cost estimation 
equation INψ(a, b) for the complex energy network 
characterizes the correlation between the investment cost IN 
and the network variables (a, b). 

Once the optimization model for the complex energy  
network consisting of the objective function and the inequality 
constraint is determined, the nonlinear optimization algorithm 
can be used in the optimization processing of the optimization 
model to find the optimal solution a* of the independent 
variable a of the complex energy network and the value of the 
corresponding dependent variable b. 
 
4.3 Local optimization 
 

If the output exergy of a sub-network and the unit cost of 
the resources consumed by the sub-network are known and do 
not change with the independent variables of the sub-network, 
then it can be determined that this sub-network is in a thermo-
economic isolation condition. Through the decomposition of 
the sub-networks, each sub-network and piece of equipment 
will meet this condition, that is, there is no need to consider 
multiple equipment or sub-networks, but only a single sub-
network or piece of equipment needs to be optimized, and the 
solution obtained thereby can also ensure the global 
optimization (Figure 4). 
 

 
 

Figure 4. Schematic diagram of network decoupling during 
local optimization 

 
Let the set of local variables that only affect the j-th sub-

network be denoted as a, and the set of dependent variables as 
b. Let the unit thermo-economic cost of the j-th sub-network 
output be denoted as ej, the sub-network technical output 
coefficient involving the unit exergy and the exergy flow rate 
as lij, and the thermo-economic cost of the unit output exergy 
as lINj=μINj/Cj. When the independent variable a only affects 
a single sub-network, the objective function for minimizing 
the thermo-economic cost of the output is expressed as Eq. 
(30): 
 

( ) ( )
0

, ,
n

j j ij j j ja i
minΨ e C l a b e lIN a b C

=

 = = + 
 
∑  (30) 

 
When multiple sub-networks and even the global complex 

energy network are affected by the independent variable a, the 
objective function for minimizing the sum of the thermo-
economic costs of the output exergy from all affected sub-
networks is expressed as Eq. (31): 
 

( ) ( )
1 1 1

, ,
n n n

j j ij j j ja j j j
minΨ e C l a b e lIN a b C

= = =

 
= = + 

 
∑ ∑ ∑  (31) 
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Let ej and Cj in the optimization process of Eq. (30) and Eq. 
(31) be constants. From the above analysis, it can be seen that, 
before constructing the thermo-economic cost allocation 
optimization objective function for the complex energy 
network, it is important to first determine the properties of the 
independent variables of the complex energy network and then 
determine the objective function based on the analysis results 
of the properties. Based on the thermo-economic cost equation, 
this paper explored the disturbing influence of the independent 
variable a on the thermo-economic cost of each sub-network, 
and obtained: 
 

0,
0

m
ij ja

j j j
i

l l IN
e e C a

a a=

∂ ∂ ⋅ 
∆ = + ∆ ∂ ∂ 

∑  (32) 

 
The proportion τja of the variation to the thermo-economic 

cost of the j-th sub-network caused by the independent 
variable a in the total cost variation can be expressed by Eq. 
(33): 
 

0,

0,
1

100
a

ja
j m

a
j

i

e

e
τ

=

∆
= ×

∆∑
 (33) 

 
When τja approaches 1, the independent variable a is a local 

variable of the j-th sub-network, and when τja is between 0 and 
1, the independent variable a is a global variable. Based on τja, 
the degree of coupling between sub-networks can be 
quantified. Figure 5 shows the process flow of the thermo-
economic optimization algorithm for the complex energy 
network. 

 

5. EXPERIMENTAL RESULTS AND ANALYSIS 
 

This paper added the calculated unit exergy cost of each 
sub-network with its unit non-energy cost to obtain the unit 
thermo-economic cost of each sub-network. The energy 
outputs of the complex energy network were grouped 
indiscriminately into 6 groups: G1, G2, G3, G4, G5 and G6. 
The calculation results obtained by Method 1 (the traditional 
calculation method), Method 2 (which introduces the energy 
quality coefficient) and Method 3 (which introduces the 
exergy reduction coefficient) are given in Table 2, Table 3, and 
Table 4, respectively. 
 

 
 

Figure 5. Process flow of the thermo-economic optimization 
algorithm for the complex energy network 

Table 2. Unit thermo-economic cost of each sub-network under Method 1 
 

Sub-network group G1 G2 G3 G4 G5 G6 
Unit exergy cost 38.65 21.76 0 0 47.96 103.61 

Unit non-energy cost 4.53 3.62 101.59 52.62 10.74 4.23 
Unit thermo-economic cost 41.42 53.44 101.59 53.78 24.31 105.39 

 
Table 3. Unit thermo-economic cost of each sub-network under Method 2 

 
Sub-network group G1 G2 G3 G4 G5 G6 

Unit exergy cost 86.25 47.36 0 0 108.92 175.47 
Unit non-energy cost 4.35 3.72 102.68 85.91 11.75 4.25 

Unit thermo-economic cost 92.38 54.64 102.68 85.91 118.57 187.32 
 

Table 4. Unit thermo-economic cost of each sub-network under Method 3 
 

Sub-network group G1 G2 G3 G4 G5 G6 
Unit exergy cost 88.53 16.78 0 0 22.36 95.79 

Unit non-energy cost 4.35 3.62 100.38 82.61 1072 4.19 
Unit thermo-economic cost 92.36 17.25 100.38 82.61 32.41 101.53 

 
Based on the obtained unit thermo-economic cost of each 

sub-network, the thermo-economic cost of each energy output 
considering the proportions of primary and auxiliary energy 
outputs was further calculated. 

In this paper, the energy outputs of the complex energy 
network studied were classified into six categories, namely 
coal (C), natural gas (GNG), solar energy (SE), wind energy 
(WE), biomass energy (BE), and electric energy (E). Table 1 
shows the unit exergy costs of different forms of energy. The 
thermo-economic costs of different energy outputs are 

different. Below is how the unit thermo-economic cost of each 
category of energy output was determined according to the 
way each category of energy is generated. The thermo-
economic cost allocation method considering the proportions 
of primary and auxiliary energy outputs proposed in this paper 
was adopted for cost allocation. 

Since only the energy output of the primary energy 
conversion process is considered, the unit thermo-economic 
cost of the equipment used in the energy conversion process is 
the unit thermo-economic cost of the energy, without any need 
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for allocation. For energy output beyond primary energy 
conversion, all unit exergy costs should be allocated to the 
primary energy source. Based on the above operations, the unit 
exergy cost, unit non-energy cost, and unit thermo-economics 
cost of each sub-network were allocated to the 6 categories of 
energy outputs. Table 5 shows the thermo-economic cost of 
each sub-network obtained by the proposed allocation method 
4. 

After the introduction of the energy quality coefficient, the 
thermo-economic cost of each sub-network was also allocated 
to the 6 categories of energy outputs. Table 6 shows the 
calculation result of the thermo-economic cost of each sub-
network obtained by the proposed allocation method 5 after 
the introduction of the energy quality coefficient. Similarly, 
Table 7 shows the calculation result of the thermo-economic 

cost of each sub-network obtained by the proposed allocation 
method 5 after the introduction of the exergy reduction 
coefficient. 

The iterations in global optimization and local optimization 
of the thermo-economics of the complex energy network 
studied started with the same initial value. Figure 6 shows the 
iterative convergence of global optimization and local 
optimization. It can be seen that the local-global 
decomposition optimization method proposed in this paper for 
the complex energy network had a higher convergence rate. 
After 2 to 3 iterations, the total thermo-economic cost 
basically stabilized. The optimization algorithm proposed in 
this paper took about half of the time consumed by the 
traditional global optimization algorithm. 

 
Table 5. Thermo-economic cost of each sub-network under Method 4 

 
Sub-network C GNG SE WE BE E 

Unit exergy cost 89.23 16.84 0 0 22.35 82.91 
Unit non-energy cost 4.35 3.62 101.84 85.21 10.75 4.26 

Unit thermo-economic cost 95.37 19.25 101.84 85.21 32.61 86.75 
 

Table 6. Thermo-economic cost of each sub-network under Method 5 
 

Sub-network C GNG SE WE BE E 
Unit exergy cost 85.26 47.36 0 0 108.22 135.31 

Unit non-energy cost 4.65 3.62 102.36 85.41 10.75 4.25 
Unit thermo-economic cost 91.64 53.84 102.36 85.41 112.57 136.72 

 
Table 7. Thermo-economic cost of each sub-network under Method 6 

 
Sub-network C GNG SE WE BE E 

Unit exergy cost 86.53 16.84 0 0 22.56 82.31 
Unit non-energy cost 4.53 3.62 102.58 85.21 10.75 4.26 

Unit thermo-economic cost 92.56 17.23 102.58 85.21 32.41 86.75 
 

Table 8. Thermodynamic and exergy analysis results under optimal conditions 
 

No. 1 2 3 4 5 6 7 
Mass flow rate 868.75 57.23 812.35 67.32 722.35 722.35 32.76 

Pressure 17.32 5.777 3.642 3.642 3.642 3.267 1.753 
Specific enthalphy 3484.23 3169.48 3028.65 3053.21 3053.21 3679.28 3541.94 

Specific exergy 1562.75 1372.85 1123.54 1123.54 1156.32 1579.63 1108.86 
No. 8 9 10 11 12 13 14 

Mass flow rate 61.84 27.63 32.55 32.55 678.26 37.28 26.31 
Pressure 0.835 0.835 0.835 0.006 0.835 0.362 0.128 

Specific enthalphy 3127.65 3127.65 3127.65 2568.52 3244.26 2871.9 2754.68 
Specific exergy 1002.32 1002.32 1002.32 153.21 1025.69 796.35 582.08 

No. 15 16 17 18 19 20 21 
Mass flow rate 28.92 31.54 569.3 682.49 685.24 685.24 685.24 

Pressure 0.065 0.063 0.027 0.006 1.725 1.725 1.725 
Specific enthalphy 2852.31 2695.74 2231.56 185.92 146.21 268.2 369.51 

Specific exergy 484.23 798.66 581.45 1.6 3.08 15.21 27.63 
No. 22 23 24 25 26 27 28 

Mass flow rate 685.24 685.24 885.61 885.61 885.61 885.61 885.61 
Pressure 1.725 1.725 0.9 18.753 18.753 18.753 18.753 

Specific enthalphy 453.21 565.23 729.54 719.53 889.64 1032.75 1231.82 
Specific exergy 47.51 78.29 125.9 143.85 185.76 265.32 319.25 

No. 29 30 31 32 33 34 35 
Mass flow rate 56.23 125.76 159.25 34.21 59.76 85.1 115.72 

Pressure 5.796 3.544 1.508 0.367 0.125 0.062 0.021 
Specific enthalphy 1086.75 892.65 765.28 475.35 371.56 284.21 165.29 

Specific exergy 302.43 316.94 137.8 51.26 32.06 16.8 2.65 
 

The thermodynamic and exergy analysis results of the 
complex energy network under the optimal conditions are 

given in Table 8. Figure 7 shows the unit thermo-economic 
costs of each of the 26 ungrouped sub-networks under the 
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optimal operating conditions, including Cost 1 (investment 
cost), Cost 2 (specific negentropy cost), Cost 3 (specific 
irreversible cost), and Cost 4 (energy cost). Through 
comparison with the results of the previous thermo-economic 
cost analysis, it can be found that local optimization of thermo-
economics reduced the total investment cost of the complex 
energy network by about 4%, and that the exergy cost and 
thermo-economic cost of the energy output from each sub-
network also saw certain changes. 

This paper analyzed the variations in and influencing factors 
to the unit thermo-economic cost of the energy output from 
each sub-network before and after the thermo-economic 
optimization of the complex energy network. Figure 8 shows 
the variations in the unit thermo-economic cost of the energy 
output from each sub-network before and after the thermo-

economic optimization, and Figure 9 shows the analysis 
results of the factors influencing the variations in the thermo-
economic cost of each sub-network before and after the 
thermo-economic optimization. It can be seen that the unit 
thermo-economic cost of the energy output from most of the 
sub-networks was reduced by 1-2%, and that among the 26 
ungrouped sub-networks, Sub-network 8 had the largest 
decrease, reaching 7.1%. The main influencing factor that 
caused the thermo-economic cost reduction of these sub-
networks is the improvement of the thermal performance of 
the equipment, which reduced the irreversible cost of the four 
costs. The cost reduction of boilers, steam turbines and other 
equipment mainly led to the significant reduction of the energy 
cost among the four costs. 

 

 

 

 
   

Figure 6. Iterative convergence of global optimization and 
local optimization  Figure 7. Unit thermo-economic cost of each sub-network 

under the optimal conditions 
   

 

 

 
   

Figure 8. Variations in the unit thermo-economic cost of the 
energy output from each sub-network before and after the 

thermo-economic optimization 
 

Figure 9. Influencing factors to the variations in the thermo-
economic cost of each sub-network before and after the 

thermo-economic optimization 
 
 
6. CONCLUSIONS 

 
This paper reconstructed and optimized the thermo-

economic cost analysis model for the complex energy network. 
First, the thermo-economic cost model for each sub-network 
of the complex energy network and that for each energy output 
were constructed, and then, a block diagram of the distributed 
thermo-economic cost allocation model for the complex 

energy network was given. Next, a local-global decomposition 
optimization method suitable for the complex energy network 
was proposed to complete the thermo-economic optimization 
of the complex energy network. The experiment showed the 
calculation results of the unit exergy cost, unit non-energy cost 
and unit thermo-economic cost obtained by the traditional 
calculation method and the proposed local-global 
decomposition optimization method. The iterative 
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convergence curves of global optimization and local 
optimization were drawn, and the variations in and influencing 
factors to the unit thermo-economic cost of the energy output 
from each sub-network of the complex energy network before 
and after thermo-economic optimization were analyzed, which 
proved the effectiveness of the proposed algorithm. 
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