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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 electricgasheat 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 electrigasheat integrated energy
system, highlighting the impact of coupling nodes on the
thermal system's heating capacity and the relationship
between the total energy supply capéty and load size.
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NONMENCLATURE
Abbreviations
IES Integrated Energy Systems
SR Security Rgion
TENSC Total Energy Supplgapability
TENSax Maximum value of TEnSC
TENSEn Minimum value of TEnSC
CHP Combined Heat and Power
cP Circulating water Pump
Symbols
W Operating point vector

R 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, althougkisting research has

established security region($®) model, the security
analysis of tightly coupled electricigasheat integrated
energy systems hasot yet been explicitly studied
Therefore, this paper first establishes a security
region modeland a maximum energy supply capacity
model for IES. Based on a case study of a tightly coupled
electricitygasheat 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 NL contingency factors, and
focuses on the impact of mulénergy flows on system
operation wnder the NO securitycriterion.

2.1.1 Definition of @erational 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 cdoe
represented as a vector in Euclidean space:
O - Y - 3
Ws=| Py R B R Q)
Maop Maga++M cor--M cos

In the formula: W represents the operating point vector.
R, represents the thermal load power at theth
thermal node. R, represents the electrical load power
at the jth electrical node. m., represents the gas load

flow at the k-th gas node. m is the highest index of the
thermal load nodes (excluding coupling nodesjs 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) Securityegion

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 operatingipt lies
within the security region, it satisfies all operational
constraints and can be considered as operating safely or
N-O safe. Conversely, if it lies outside the security region,
it is considered unsafe.

2.1.3 Security region model

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

SR:{ slh( Q:O’ g( ;SO} (2)
In the equation: denotes the security region.
h(ws)=0 is the set of equality constraints that the IES

must satisfy for ND security, including power flow
equality constraints, gas and thermal system energy flow
equality constraints, and coupling node equality
constraints. g(Ws)<0 is the set of inequality

constraints that the IES must satisfy foOecurity.

The set of equality constraints can be referred to in
the literature [1], and will not be elaborated here.
g(W,)<0 include: Thermal system security operation

inequalty constraints H,, , Electrical system security
operation inequality constraintsH., Gas system security
operation inequality constraintsH,, and Coupling node
security operation inequily constraints H.;. These are

detailed as follows:

(3)

In the formula: T, is the column vector of supply water
temperatures at thermal nodes;T, . and T. are

,max s,min

column vectors representing the upper and lower limits
of T, respectively. T is the column vector of return
water temperatures at thermal nodesr, ., and T, .
are column vectors representing the upper and lower
limits of T, respectively. m, is the column vector of
flow rates in thermal pipelinesm, ., and m, . are
column vectors representing the upper and lower limits
of m,, respectively. v, is the column vector of
voltage magnitudes at power system nodes;, ... and

are column vectors representing the upper and

max

v

am,min

lower limits of v,,, respectively. . is the column

vector of phase angle differences in power system
branches; and are column vectors

E,max E,min

representing the upper and lower limits of . ,
respectively. p. is the distribution matrix of active
power flows in power system branches. ., is the
upper limit distribution matrix of p. . pg,

distribution matrix of power injections at power system
generator nodes; pg, ..., is the upper limit distribtion

matrix of p., . pg is the column vector of gas
pressures at nodes in the natural gas system;,...
and

is the

are the column vectors representing the

upper and lover limits of pg,, respectively. mg, is the
column vector of gas flow rates in the natural gas system
pipelines; mg .. and are the column vectors
representing the upper and lower limits ofm, ,
respectively. m,is the column vector of gas flow rates
at nodes in the natural gas systemm, .., and mg, ..
are the column vectors representing the upper and lower
limits of mg, respectively.P,, is the column vector of
electric power of the circulating water pumpsc,, is
the colunn vector of rated electric power of the
circulating water pumps. and CHP, are the
column vectors of electric power output and thermal
power output of the CHP units, respectivelg,,,.. and
are the column vectors of rated electric power

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

2.2 TE|SC model

All operating points within the safety region are
considered safe operating points. To enhantee
economic efficiency of system operation, and to further
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Similarly, the gas flow rate combinatiof{ree, Mc3)
at the load node$5; and G; of the natural gas system are
selected as free variables for twbmensional
observation, with the remaining load nodes at the values
corresponding to the TEng&operating point. The gas
flow rate combinationgme,, Me3) increment by 15 myh
from the lower limit to the upper limit of the gas load,
generating 529 operating points. Muknergy 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 orangastied
line, and the safety region is depicted by the light blue
dashdot line.

The thermal power combinationdR{;, P42 at the
load nodedH and H; of the thermal system are selected
as free variables for twdimensional observation, with
the remaining lad nodes at the values corresponding to
the TEnSGx operating point. The thermal power
combinations Pu;, P42) increment by 10 kW, with the
thermal loadH; ranging from [546.9896 kW to 546.9919
kw] and the thermal loaé 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 mgiis depicted
by the green dastilot line.
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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 nGgehe
gas flow constraints in pipelindg:-Lgs, and the voltage
constraint at power nodes. Specifically, reducing the
thermal load tends to cause the voltage at power node
E to fall below its lower limit, while increasing the
thermal load tends to cause the gas flow in pipelibgs
Lgs to exceedits upper limit and the gas pressure at gas
nodeGsto fall below its lower limit.

The thermal load nodél;, the power load nodds,
and the gas load nodé&, are selected to form the
combination Pui1, Pei, M) as free variables for three
dimensional obsevation, with the remaining load nodes
at the values corresponding to the TEp&®perating
point. The step size follows the same approach as



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 therobination is
(546.9918 kw, 0.9 MW, 125 myh), the system reaches
TENSGax When the combination is (546.9900 kW, 0.1
MW, 50 m3h), the system reaches TERRC
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From the threedimensional safety region, it can be
observed that an increase in the load at thermal load
node H; leads to an increase in TEnSC value; a decrease
in the load at power load nodEg leads to a decrease in
TENnS@alue, and a decrease in thedd at gas load node
G also leads to a decrease in TEn&IGe. Therefore, it
can be concluded that, in this case, TER8@ exhibits
a positive correlation with each of the loads.

4. CONCLUSIONS

This paper establishes a maximum energy supply
capacity modeand 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 systemosses, resulting in a more
accurate determination of the TEnSC.
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 gwver
system. Under the premise of ensuring the safe

2)

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

Under the premise of the safe operation of the IES,
TEnS@alue exhibits a positive correlation with each
of the loads

3)
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