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ABSTRACT 
 Safety analysis is an essential tool for ensuring the 
economic and stable operation of integrated energy 
systems and is a crucial component of the energy 
management system. Given that the security region of 
tightly coupled electric-gas-heat integrated energy 
systems has not been extensively studied, this paper 
establishes the security region model and the total 
energy supply capability model for the integrated energy 
system. It discusses and analyzes the total energy supply 
capability and security region characteristics of the 
tightly coupled electric-gas-heat integrated energy 
system, highlighting the impact of coupling nodes on the 
thermal system's heating capacity and the relationship 
between the total energy supply capability and load size. 
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NONMENCLATURE 

Abbreviations  
IES 
SR 
TEnSC 
TEnSCmax 

TEnSCmin 

CHP 
CP 

Integrated Energy Systems 
Security Region 
Total Energy Supply Capability 
Maximum value of TEnSC 
Minimum value of TEnSC 
Combined Heat and Power 
Circulating water Pump 

Symbols  

SW  

SR 
Operating point vector 
Security Region 

1. INTRODUCTION 
Due to the differences in structure, characteristics, 

and composition of various energy subsystems, the 
coupling forms are diverse and complex, presenting new 
challenges for the safe operation of IES. In terms of static 
security analysis of IES, although existing research has 
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established security region(SR)[1-2] model, the security 
analysis of tightly coupled electricity-gas-heat integrated 
energy systems has not yet been explicitly studied. 

Therefore, this paper first establishes a security 
region model and a maximum energy supply capacity 
model for IES. Based on a case study of a tightly coupled 
electricity-gas-heat IES, it discusses and analyzes the 
energy supply capacity and security region 
characteristics of such systems. 

2. MODEL FOR SECURITY ANALYSIS 

2.1 Security region model of IES 

This paper approaches the issue from the 
perspective of the maximum output of IES operation, 
without considering N-1 contingency factors, and 
focuses on the impact of multi-energy flows on system 
operation under the N-0 security criterion. 
2.1.1 Definition of Operational point 

The operating point is defined as the minimal set of 
state variables that characterize system security under 
normal operating conditions. Assuming an IES contains 
several load nodes, the operating point can be 
represented as a vector in Euclidean space: 
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In the formula: SW  represents the operating point vector. 

HiP  represents the thermal load power at the i-th 
thermal node. EjP  represents the electrical load power 

at the j-th electrical node. GQkm  represents the gas load 

flow at the k-th gas node. m is the highest index of the 
thermal load nodes (excluding coupling nodes). n is the 
highest index of the electrical load nodes (excluding 
coupling nodes). o is the highest index of the gas load 
nodes (excluding coupling nodes). 
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2.1.2 Definition of N-0 Security region  

The security region in an IES is defined as the set of 
all operating points P(m) that satisfy the safety 
operational constraints, including energy balance 
constraints, energy network constraints, and coupling 
equipment output constraints. If an operating point lies 
within the security region, it satisfies all operational 
constraints and can be considered as operating safely or 
N-0 safe. Conversely, if it lies outside the security region, 
it is considered unsafe. 
2.1.3 Security region model  

The mathematical general form for constructing the 
security region model of an IES can be expressed as: 

       SR S S S| 0, 0h g  (2) 

In the equation: denotes the security region. 

  S 0h W  is the set of equality constraints that the IES 

must satisfy for N-0 security, including power flow 
equality constraints, gas and thermal system energy flow 
equality constraints, and coupling node equality 
constraints.   S 0g W  is the set of inequality 

constraints that the IES must satisfy for N-0 security. 
The set of equality constraints can be referred to in 

the literature [1], and will not be elaborated here. 
  S 0g W  include: Thermal system security operation 

inequality constraints HH , Electrical system security 

operation inequality constraints EH , Gas system security 

operation inequality constraints GH , and Coupling node 

security operation inequality constraints ESH . These are 
detailed as follows: 

  (3) 

In the formula: sT  is the column vector of supply water 
temperatures at thermal nodes; s,maxT and s,minT  are 

column vectors representing the upper and lower limits 
of sT , respectively. rT is the column vector of return 
water temperatures at thermal nodes; r,maxT  and r,minT  

are column vectors representing the upper and lower 
limits of rT , respectively. Hm  is the column vector of 
flow rates in thermal pipelines; H,maxm  and H,minm  are 

column vectors representing the upper and lower limits 
of Hm , respectively. amv  is the column vector of 
voltage magnitudes at power system nodes; am,maxv  and 

am,minv  are column vectors representing the upper and 

lower limits of amv , respectively. E  is the column 
vector of phase angle differences in power system 
branches; E,max  and E,min  are column vectors 

representing the upper and lower limits of E , 

respectively. Ep  is the distribution matrix of active 
power flows in power system branches; E,maxp  is the 

upper limit distribution matrix of Ep . Egp  is the 

distribution matrix of power injections at power system 
generator nodes; Eg,maxp  is the upper limit distribution 

matrix of Egp . GPp  is the column vector of gas 

pressures at nodes in the natural gas system; GP,maxp  

and  are the column vectors representing the 

upper and lower limits of GPp , respectively. GLm  is the 
column vector of gas flow rates in the natural gas system 
pipelines; GL,maxm  and  are the column vectors 

representing the upper and lower limits of GLm , 
respectively. GQm is the column vector of gas flow rates 

at nodes in the natural gas system; GQ,maxm  and GQ,minm  

are the column vectors representing the upper and lower 
limits of GQm , respectively. HPP  is the column vector of 

electric power of the circulating water pumps. HPC  is 
the column vector of rated electric power of the 
circulating water pumps.  and HCHP  are the 
column vectors of electric power output and thermal 
power output of the CHP units, respectively; CHP,EC  and 

 are the column vectors of rated electric power 

output and rated thermal power output of the CHP units, 
respectively. 

2.2 TEnSC model 

All operating points within the safety region are 
considered safe operating points. To enhance the 
economic efficiency of system operation, and to further 
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Fig. 2 Curve of the TEnSC 

 
Fig. 3 Two-dimensional security region based on (PE1, 

PE2) 

Similarly, the gas flow rate combinations (mG2, mG3) 
at the load nodes G2 and G3 of the natural gas system are 
selected as free variables for two-dimensional 
observation, with the remaining load nodes at the values 
corresponding to the TEnSCmax operating point. The gas 
flow rate combinations (mG2, mG3) increment by 15 m³/h 
from the lower limit to the upper limit of the gas load, 
generating 529 operating points. Multi-energy flow 
calculations are performed on each operating point to 
analyze safety. As shown in Figure 4, the state space of 
the operating points is depicted by the orange dashed 
line, and the safety region is depicted by the light blue 
dash-dot line. 

The thermal power combinations (PH1, PH2) at the 
load nodes H1 and H2 of the thermal system are selected 
as free variables for two-dimensional observation, with 
the remaining load nodes at the values corresponding to 
the TEnSCmax operating point. The thermal power 
combinations (PH1, PH2) increment by 10-4 kW, with the 
thermal load H1 ranging from [546.9896 kW to 546.9919 
kW] and the thermal load H2 ranging from [133.2165 kW 
to 133.2185 kW], generating 442 operating points. Multi-
energy flow calculations are performed on each 
operating point to analyze safety. As shown in the figure 

5, the state space of the operating points is depicted by 
the black dashed line, and the safety region is depicted 
by the green dash-dot line. 

 
Fig. 4 Two-dimensional security region based on (mG2, 

mG3) 

 
Fig. 5 Two-dimensional security region based on (PH1, 

PH2) 

It is worth noting that the range of values for the 
thermal load is very narrow. This is due to constraints 
imposed by the coupling nodes in the thermal system, 
such as the gas pressure constraint at gas node G5, the 
gas flow constraints in pipelines Lg1-Lg6, and the voltage 
constraint at power node E3. Specifically, reducing the 
thermal load tends to cause the voltage at power node 
E3 to fall below its lower limit, while increasing the 
thermal load tends to cause the gas flow in pipelines Lg1-
Lg6 to exceed its upper limit and the gas pressure at gas 
node G5 to fall below its lower limit. 

The thermal load node H1, the power load node E2, 
and the gas load node G2 are selected to form the 
combination (PH1, PE1, mG2) as free variables for three-
dimensional observation, with the remaining load nodes 
at the values corresponding to the TEnSCmax operating 
point. The step size follows the same approach as 
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previously described, generating 5796 operating points. 
Multi-energy flow calculations are performed on each 
operating point to test for safety. As shown in Figure 6, 
the three-dimensional state space of the operating 
points is depicted by the blue dashed line, and the three-
dimensional safety region is depicted by the red solid 
line, forming a hexahedron. When the combination is 
(546.9918 kW, 0.9 MW, 125 m³/h), the system reaches 
TEnSCmax. When the combination is (546.9900 kW, 0.1 
MW, 50 m³/h), the system reaches TEnSCmin. 

 
Fig. 6 Three-dimensional security region based on (PH1, 

PE1, mG2) 

From the three-dimensional safety region, it can be 
observed that an increase in the load at thermal load 
node H1 leads to an increase in TEnSC value; a decrease 
in the load at power load node E1 leads to a decrease in 
TEnSC value, and a decrease in the load at gas load node 
G2 also leads to a decrease in TEnSC value. Therefore, it 
can be concluded that, in this case, TEnSC value exhibits 
a positive correlation with each of the loads. 

4. CONCLUSIONS 
This paper establishes a maximum energy supply 

capacity model and a safety region model for an IES with 
close coupling of electricity, gas, and heat. The 
effectiveness of the model is validated using a typical 
example. The specific conclusions are as follows: 
1) The upper and lower limits of the energy supply 

capacity and the safety region of the IES are 
characterized, guiding dispatch operators to avoid 
unsafe operating conditions as much as possible. 
Compared to Reference [1], this paper aims to 
maximize the energy actually received by users, 
excluding internal system losses, resulting in a more 
accurate determination of the TEnSC. 

2) In an IES with CHP as the coupling element, the 
thermal system is influenced by gas pressure 
constraints and flow constraints of the natural gas 
system, as well as voltage constraints of the power 
system. Under the premise of ensuring the safe 

operation of the IES, the load variation range of 
thermal nodes is very small, indicating a limited 
adjustable range of heating capacity. 

3) Under the premise of the safe operation of the IES, 
TEnSC value exhibits a positive correlation with each 
of the loads 
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