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ABSTRACT 
  Energy quality analysis is a novel method to 

evaluate the effectiveness of mitigation on energy crisis 
and carbon emission. Entropy increase, as a developing 
energy quality evaluation theory, quantifies the energy 
unavailability caused by exergy loss in transmission and 
uncertainty of source and load, and provides theoretical 
support for decision making on planning and operational 
optimization of Integrated Energy System (IES). This 
article proposes the entropy state mechanism and Flow 
Hub (FH) model to solve the entropy state distribution of 
IES. Finally, a case study verifies the effectiveness of the 
proposed models, discussed the entropy increase 
balance between source and load. 
 
Keywords: integrated energy system; renewable energy; 
energy quality; entropy state; entropy increase flow; 
exergy flow  
 

NONMENCLATURE 

Abbreviations  

IES Integrated Energy System 
FH Flow Hub 
ES Energy Station 
EH Energy Hub 
CHP Combined Heat and Power 
GB Gas Boiler 
EB Electric Boiler 
PV Photovoltaic 
WT Wind Turbine 

Symbols  

thS  Traditional Thermodynamic Entropy 

e  Exergy Loss 

aT  Ambient Temperature 

infoS  
Informatic Equivalent 
Thermodynamic Entropy Increase 

i nfoW  Generalized Information Work 

infop  Information Potential 

infof  Information Flow 

S  Entropy Increase Source 

f,S  Entropy Increase Flow 

NS  Node Entropy Increase 

Ne  Exergy Flow Out Of Node 

Le  Load Exergy 

fe  Exergy Flow 

1. INTRODUCTION 
With the continuous growth of energy demand and 

the increasingly serious environmental problems, 
integrated energy systems (IES) have attracted 
widespread attention as a form of energy utilization with 
multiple energy interconnections[1]. In the theoretical 
research and practical application of IES, energy quality 
is an important consideration factor, referring to the 
degree of energy availability and utilization level of 
energy during transmission, conversion, and utilization. 
Studying energy quality can provide scientific basis for 
system design and operation[2].  

The decrease in energy availability, which is caused 
by the uncertainty of renewable energy, as well as 
energy degradation, can be measured by entropy 
increase[3]. Understanding the propagation laws of 
entropy in energy systems is of great significance for 
optimizing energy quality in energy systems[4]. The IES 
entropy state mechanism model take the network 
characteristic of IES and quantitatively into consideration 
and analyzes the energy unavailability generated during 
the system energy supply process, aiding to seek IES 
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planning and operation decisions that are conducive to 
the goal of coordinated development of quantity and 
quality[5].  

The Energy Station (ES) determines the conversion 
and distribution of energy in different forms, plays the 
role of regulator on the quantity and quality of IES[6]. 
With new understanding and evaluation methods of 
energy quality for IES[7], traditional modelling method 
like Energy Hub(EH) model shows limitation on 
expressing the conversion and distribution 
characteristics of energy quality attributes during energy 
conversion process[8]. Flow Hub (FH) model is used in this 
article as it is capable to determine the internal entropy 
increase distribution while considering the reallocation 
of entropy increase at individual energy conversion 
equipment. 

To provide a tool to evaluate energy quality of IES on 
the aspect of entropy increase, the entropy state 
mechanism model and analysis method is proposed. The 
entropy increase mechanism of elements in energy 
network is defined. With the help of FH model, the IES 
entropy state modelling method for IES with multiple 
subsystems and ES is proposed. The effectiveness of the 
proposed method is verified through case study.  

2. ENTROPY STATE MECHANISM MODEL  

2.1 Entropy increase mechanism in Integrated energy 
system 

IES Entropy increase comes from the unavailability 
and uncertainty of energy, including traditional 
thermodynamic entropy and informatic equivalent 
thermodynamic entropy increase[9]. The traditional 

thermodynamic entropy increase thS  is generated 

due to exergy loss e  in the process of transmission 
and conversion of energy in IES, the relationship is as 
Eq.(1) shows: 

 th

a

=
e

S
T


  (1) 

Where aT  is the ambient temperature in K.  
Note that when gas leakage is ignored and the 

calorific value and theoretical combustion temperature 
of natural gas stay constant, there is not exergy loss in 
the transmission of nature gas system, hence 
thermodynamic entropy increase in gas system is zero 
for steady state analysis. 

The informatic equivalent thermodynamic entropy 

increase infoS  is derived from generalized information 

work i nfoW  [4]. i nfoW  is defined as the product of 

information potential 
infop  and information flow 

infof , 

both of which can be gathered from historical energy 
data of source and load with uncertainty: 

 
i nfo info info=W p f  (2) 

The information work represents the exergy loss due 
to uncertainty with the potential to become useful work 
under the control of information. When information is 
absent, 

infoS  can be used to express the exergy loss 
due to uncertainty: 

 i nfo

info

a

=
W

S
T

  (3) 

2.2 Entropy state network 

The entropy state network is an analyzing model that 
quantifies the entropy increase property of energy media 
while considering the network property of IES. Similar to 
power system network or exergy flow network, the 
entropy state network includes branches and nodes. 
Additionally, entropy increase source is introduced to 
represent the two types of entropy increase mentioned 
in 2.1. Within the entropy state network flows the 
entropy increase flow as the measure of entropy 
increase property for exergy flow. The value of entropy 
increase flow is the additive result of all the entropy 
increase source on the path of exergy flow while several 
rules are applied. 

2.2.1 The rule of entropy increase source  

The Entropy increase source generates entropy 
increase to the system. When there is an entropy 
increase source on the path of entropy increase flow, as 
Fig.1 shows, the value of entropy increase flow after the 
source become the sum of the value of entropy increase 
source and the entropy increase flow before the source, 
as Eq.(4) shows: 

 
f,2 f,1=S S S  +   (4) 

Where S  is the entropy increase brough by the 
entropy increase source, f,1S  and f,2S are entropy 
increase flow before and after the entropy increase 
source, respectively. 

2.2.2 The rule of node entropy increase  

The node represents the connection of different IES 
sections, and the node parameter of the entropy state 

 S f,1S  f,2S

 
Fig. 1. Schematic diagram of entropy increase source  
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network is the node entropy increase
NS . 

NS is the 

sum of all entropy increase flow into the node, whether 
it is from a branch or an injection, as Eq.(5) and Fig.2 
shows: 

 
in

N f , s

1

=
I

i

i

S S S
=

  +   (5) 

Where I  is the total number of branches that carries 
entropy increase flow into the node, namely inflow 
branches, in

f ,iS  is the entropy increase flow in i -th 
inflow branch, 

sS  is the entropy increase flow 
injection outside the network. 

2.2.3 The rule of allocation at node  

Considering the energy media is evenly distributed at 
the node, all three of flows, specifically media flow, 
exergy flow, entropy increase flow have the same 
distribution ratio at the output of the node. Outflow 
exergy flow ratio is chosen as the allocation coefficient of 
entropy state network, as Eq.(7) and Fig.2 shows: 

 
out

N f , L

1

O

o

o

e e e
=

= +  (6) 

 

out

f ,out

f , N

N

=
o

o

e
S S

e
   (7) 

 L
L N

N

=
e

S S
e

   (8) 

Where 
Ne  is the sum of all the output exergy flow of the 

node; Le  is exergy flow to the load that connects to the 
node; O  is the total number of outflow branches; out

f ,oe  
and out

f ,oS  are the exergy flow and entropy increase 
flow in the o -th outflow branch, respectively; LS  is 
the entropy increase flow to the load. 

2.2.4 The entropy state modelling method of a 
subsystem 

With steady state exergy flow model of a subsystem 
of IES, the thermodynamic entropy increase of all the 
branches is acquirable. And given the historical data of 

renewable energy generation and load, the informatic 
equivalent thermodynamic entropy increase of the 
system can be determined.  

Renewable energy generation is regarded as entropy 
increase injection brought by an informatic equivalent 
thermodynamic entropy increase source. Load with 
uncertainty needs supplementary load node and 
branches to form load entropy state model, which will be 
demonstrated in case study. The entropy increase of load 
consists of entropy increase from the energy network 
and the informatic equivalent thermodynamic entropy 
increase brought by the uncertainty of load. Heat load is 
assigned with a node that takes the entropy increase 
flow from the sending network, part of it is sent to load 
and the remaining back to the returning network. The 
ratio depends on the exergy flow ratio.  

According to the modelling rules mentioned in 2.2.1-
2.2.3, the entropy state model for all the individual 
subsystem could be generated only if the entropy 
increase flows from the ES were given. The FH model is 
used in this article to determine the output entropy 
increase flow of ES. 

2.3 Flow Hub model 

Entropy state network is capable to quantify the 
entropy increase distribution in an energy transmission 
or distribution network, but lack of the ability to model 
the link of multi-energy coupling with energy conversion 
equipment. To obtain the entropy increase flow 
distribution of the multi-coupling link, the flow hub 
model(FH) is developed with the aid of graph 
theory[6,8,10]. Note that flow hub is capable of model 
multiple flow distribution of an ES, but this article only 
focuses on entropy increase flow modelling of FH. 

Provide sufficient detail to allow the work to be 
reproduced. Methods already published should be 
indicated by a reference: only relevant modifications 
should be described. 
2.3.1 The composition and expression of a Flow Hub  

The structural composition of a FH consists of the 
followings: 

1. Generalized source/resistor: Each equipment is 
regarded as a generalized source/resistor; 

2. Node: each connection section is regarded as 
node, the input and output of the ES are 
considered as a special kind of ports.   

3. Port: The input and output of generalized 
source/resistor and node are regarded as ports.  

4. Branch: Each link between ports is defined as a 
branch.  

NS

in

f ,iS

sSin

f ,1S

in

f ,IS

N( )e

L( )eLS

out

f ,oS

out

f ,1S

out

f ,OS

out

f ,( )oe

out

f ,1( )e

out

f ,( )Oe
 

Fig. 2. Schematic diagram of node entropy increase  
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The branch-port entropy increase flow model can be 
formed with elements defined above. Based on the 
structure of the flow hub model, a linear equation 
expression for entropy increase flow distribution can be 
formed, as Eq(9). shows: 

 

U U

I I

B

O O

N N

   
   
   =
   
   
   

X V

X V
V

X V

X V

 (9) 

Where BV  is the vector of branch flow, formed by the 
flows of all branches; UX  is the generalized 
source/resistor – branch coupling matrix, describes flow 
characteristic of the equipment and the connection 
relationship between branches and the ports of 
generalized source/resistor, ; UV  is the vector of 
generalized source/resistor, formed by value of each 
generalized source/resistor; IX  and OX  are the input 
and output – branch coupling matrix, respectively; IV  
and OV  are the input and output flow vector, 
respectively; NX  is the node – branch coupling matrix, 
describes flow dispatch ratio and the connection 
relationship between branch and ports of node; NV  is 
node balance vector, formed by zeros. 

UX  and UV  are the key variables of generalized 
source/resistor that describe 3 main flow characteristics 
of energy conversion equipment, that is efficiency, 
dispatch and increment/decrement. A simple ES with 
one general energy conversion equipment is set up as an 
example to demonstrate the calculation procedure. The 
FH model of this ES is as Fig.3 shows with all the 
branches, ports labelled.  

The equipment has one input inv  and two output 

out,1v and out,2v . The energy efficiency for the outputs are 
en
1  and en

2 , indicating that the energy dispatch ratio is 
en en
1 2( : )  . Since the total energy efficiency of the 

equipment is en en
1 2( ) + , en en

1 2(1 ) − − of input energy 
contributes to the energy decrement of the generalized 
source/resistor. For comparison, the energy flow 
expression for this individual equipment is as Eq.(10) 
shows: 

 

en en
out,1 inen

1

en en
out,2 inen

2

1
0

1
0

v v

v v






− + =



− + =


 (10) 

Where en
out,1v  and en

out,2v  are the energy outputs of the 
energy conversion equipment; en

inv  is the energy input 
of the energy conversion equipment. 

In similar form, the entropy increase flow expression 
for this equipment can also be derived, but a few more 
parameter is needed. The output distribution of entropy 
increase flow follows the output exergy flow ratio. With 
the help of Energy Quality Coefficient(EQC), the exergy 
flow ratio can be determined. EQC sates the amount of 
exergy within an energy form for a unit of energy, as 
Eq.(11) shows: 

 
xE

Q
 =  (11) 

Where   is EQC of an energy form; xE  is the exergy 
contained in this energy form; Q  is the energy 
contained in this energy form. 

Hence, the output exergy efficiency of the 
equipment can be calculated when given the EQC of 
input and output, as Eq.(12)-(13) shows: 

 
1ex en

1 1

in


 


=  (12) 

 
2ex en

2 2

in


 


=  (13) 

Where ex
1  and ex

2  are the output exergy efficiency 
of the equipment, respectively; 1  and 2  are the 
EQC of the output energy forms, respectively; in  is the 
EQC of the output energy form. 

Then, the output exergy ratio, equaling to the 
entropy increase flow distribution ratio, can be derived 
as Eq. shows: 

 

ex
1s

1 ex ex
1 2




 
=

+
 (14) 

 

ex
2s

2 ex ex
1 2




 
=

+
 (15) 

Finally, the entropy increase of the equipment can be 
determined as Eq.(1), the entropy increase flow 
expression for this equipment can also be formed: 

Output 1

Output 2

Input
Generalized
source/load

1 2
3

4

5

61

2

3

 
Fig. 3. Schematic diagram of example flow hub model  
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1

v v V

v v V






− + =



− + =
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 (16) 

Where s
out,1v  and s

out,2v  are the output entropy increase 
flows of the equipment, respectively; s

inv  is the input 
entropy increase flow of the equipment; s

UV  is opposite 
number of the entropy increase of the equipment. 

 

s s
1 U

s s
in U

s s
2 out,1 in

s
out,2 out,1

out,2

1
1 0

1
1 0

1 0 0

0 1 0

0 0 1

V

v V

v V

v V

V





 
−   

   
    −     =    
     

   
   
  

 (17) 

In the entropy increase flow hub model of this ES, 
s
11 −  and s

21 −  can be found at respective location 
in UX ; and s

UV  at respective rows in UV , s
inv , s

out,1v , 
and s

out,2v  are unknown variables in BV . The complete 
linear equation for this model is as shown in Eq.(17). 
Where inV  is the input entropy increase flow of the ES; 

out,1V  and out,2V  are the output entropy increase flows 
of the ES, respectively. 

This linear equation can be solved using Gaussian 
Elimination method, which has been thoroughly 
discussed in Ref[6].   

3. CASE STUDY 

This article constructs a typical IES based example 
testing system, as shown in Fig.4, with steady state 
exergy flow model solution, as shown in Fig.5. The 
system consists of three subsystems: a 6-node electric 
system, a 5-node natural gas system, and a 5-node 
thermal system[11-13]. To take into account the impact of 
energy conversion on the entropy distribution of the 
system, it is equipped with two ESs, as shown in Fig.6-7. 

The ambient temperature is set to 10 ℃.  

The electric system is built based on the IEEE33 
node system, with a voltage level of 12.66kV. Distributed 
Photovoltaic (PV) and Wind Turbine (WT) are connected 
to electric system to consider the impact of informatic 
equivalent thermodynamic entropy increase caused by 
renewable energy uncertainty. 

The gas source pressure of the natural gas system is 
0.5MPa, and the calorific value and theoretical 
combustion temperature of natural gas are 45.75MJ/m3 
and 1973 ℃, respectively. The relevant parameters of 

Lh1

Lh2 Lh3

PV WT

Le Grid

Lg1 Lg2
Gas 

Source

ES2ES1

Electric branch

Gas branch

Sending branch

Electric node

Gas node

Sending node

Returning branch Returning node
 

Fig. 4. Schematic diagram of case study IES  
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Fig. 5. Schematic diagram of exergy flow model for case 

study IES  
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the heat system are modified based on typical system 
data. Two ESs provide thermal energy for the heat 

system, with the outlet temperature of the heat source 
set at 100 ℃ and the outlet temperature of the load set 
at 50 ℃.  

Among the two typical ES configured in the example, 
ES1 is equipped with one Combined Heat and Power unit 
(CHP) and one Gas Boiler (GB), with energy conversion 
efficiency of CHP

g2e 0.3 = , CHP
g2h 0.4 =  and GB

g2h 0.85 = , 
respectively[14].  

The input end of ES1 is connected to electric network 
and natural gas network, while the output end is 
connected to thermal network, providing thermal and 
electrical energy for both the heat and power systems. 
ES2 is equipped with one GB and one Electric Boiler (EB), 
with energy conversion efficiency of GB

g2h 0.85 = and 
EB
e2h 0.95 = , respectively.  

s
U,1

s
I,1

s
O,1

s
N,1

0 0 1 1.7784 0 0 0

0 0 1 0 1.3337 0 0

0 1 4.4524 0 0 0 0

1 0 0 0 0 0 0

0 0 0 1 0 0 0

0 0 0 0 1 0 0

1 2 0 0 0 0 0

1 0 2 0 0 0 0

0 0 0 0 1 1 1

− 
 

−
 
 −

   
   
   =
   
   
    −

 
− 

 
− 

X

X

X

X

 (18) 

The input end of ES2 is connected to electric network 
and natural gas network, while the output end is 
connected to heat network to provide thermal energy. 
The EQC of electric, gas and heat energy are 1, 0.7013 
and 0.1853, respectively. In response to the informatic 
equivalent thermodynamic entropy increase caused by 
source load uncertainty, this paper constructs a source 

load entropy state model based on hourly data of source 
load throughout the year, taking the weak prediction 
scenario in Ref[4] as an example. 

 

s
U,2

s
I,2

s
O,2

s
N,2

1 0 5.6818 0 0

0 1 0 4.4524 0

1 0 0 0 0

0 1 0 0 0

0 0 0 0 1

0 0 1 1 1

− 
 

− 
 

 
 

  =  
 

 
 

     
−  

X

X

X

X

 (19) 

The FH model for ES1 and ES2 are established based 
on the modelling method mentioned in 2.3 and the 
labelling of branches, ports and nodes are as shown in 
Fig.8-9.  

The dispatch ratio of natural gas at Node 1 in ES1 is 
set to 1:1, and all the other node are considered flexible 
nodes, meaning there is not restriction on ratio of the 
input or output. For demonstration purpose, the 
generalized source/resistor – coupling matrix of entropy 
increase FH model for ES1 and ES2 is as Eq.(18)-(19) 
shows:  

Combining entropy state mechanism model and FH 
model, the entropy state model of the whole IES can be 
established, the calculation process of this IES is shown 
in Fig.10. 

In the schematic diagram of entropy state solution 
for this IES, as shown in Fig.11, the "number" form 
represents the value of the branch entropy increase flow, 
the "+number" form represents the value of entropy 
increase source, and the "number" with a dotted line 
pointing to the node represents the node entropy 
increase of the network node or supplementary node.  

Electric Output

Heat Output

CHP

Gas Boilier
Gas Input

 
Fig. 6. Schematic diagram of energy station 1  
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Fig. 7. Schematic diagram of energy station 2  
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Fig. 8. Schematic diagram of flow hub model for energy 

station 1  
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Fig. 9. Schematic diagram of flow hub model for energy 

station 2  
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The entropy increase generated by various entropy 
increase sources propagates towards the load in the 
entropy state model, so the total entropy increase of the 
entropy increase sources and the total entropy increase 
received by loads should be consistent. The total entropy 
increase of the entropy increase sources in the example 
system is 4.30kW/K, and the total entropy increase of the 
supplementary load nodes is 4.30kW/K. The overall 
entropy balance relationship of the system entropy 
increase mentioned above is met.  

 
It is worthwhile to note that over the 4.30kW/K total 

entropy increase, two of the ES take up 1.8kW/K at 42%. 
So researchers should pay more attention to the 
management of energy conversion according to the 
entropy increase caused by energy conversion 
equipment, and meanwhile consider the redistribution 
effect of entropy increase flow.  

The renewable energy generation injects informatic 
equivalent thermodynamic entropy increase to the 
electric system and further to the heat system. To 
mitigate the uncertainty impact of renewable energy to 
a wider range, researchers could analyze the distribution 
of overall or local entropy increase, identify high entropy 
increase sections, and then reduce system entropy 
increase through optimization methods such as planning 
and operational control.  

Furthermore, understanding the characteristics of 
entropy distribution is beneficial for analyzing the 
mechanism of entropy increase in energy generation, 
transmission, and consumption in the system, slowing 
down the entropy increase in the system, and improving 
energy availability.  

In subsequent research work, a matrix-based 
calculation model for the entropy state parameters of a 
comprehensive energy system oriented towards 
renewable energy integration will be considered. From 
the perspectives of planning, operational optimization, 
and market-oriented trading mechanisms, methods to 
slow down the overall or local entropy increase of the 
system will be studied. 

4. CONCLUSTION 

Both "energy degradation" and "uncertainty" will 
increase the energy unavailability of IES and increase the 
entropy increase of the system. This article proposes the 
entropy state theory and the FH model for energy quality 
analysis on the perspective of entropy increase property.  

Case study shows that the developed methods can 
effectively solve the distribution of entropy increase flow 
in subsystem and ES with sequential calculation 
procedure, and verifies the entropy increase balance 
between sources and loads. This article provides a new 
tool to model, evaluate and analyze the impact of energy 
unavailability caused by exergy loss and uncertainty 
factor in IES. 
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