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Abstract—In recent years, the temporal and spatial
infrastructure failures of regional integrated energy systems
(RIES) due to various types of extreme natural disasters have
been increasing, leading to significant impacts on social
production and life. This paper proposes a resilience assessment
system based on the demand of multiple users. Firstly, different
heat loss coefficients are determined by the indoor temperature
of various types of building users; secondly, the computation
process of system resilience indexes is introduced by taking the
ice hazard as an example; and lastly, the method proposed in this
paper is tested in an integrated 9-node and 6-node electric-
thermal network. The validity of the multivariate heat demand
resilience assessment method is verified by the calculation case.

Keywords—regional electric-thermal integrated energy system,
user demands, resilience assessment

I. INTRODUCTION

Under the goals of "2030 carbon peak" and "2060 carbon
neutral", China is accelerating the reform of the energy
structure and building a clean and low-carbon energy system!'
1. Regional integrated energy systems (RIES) have been
developed greatly because of their advantages in meeting
diversified energy needs and improving energy efficiency™5],
and it will become the mainstream form of the user side in the
future. RIES has been developed greatly due to its strengths in
satisfying diversified energy demand and improving energy
utilization efficiency, so it will become the mainstream form of
the user side in the future to meet the demand for cooling,
heating and power supply as well as energy saving and
emission shedding. However, in recent years, the frequency of
extreme weather, due to ice, typhoons, high temperatures and
other impacts caused by the number of park energy supply
failure events is increasing, based on the above judgment, it is
necessary to study the future energy system of multi-energy
network load supply and demand coordination configuration,
to further enhance the resilience of the system.
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In this paper, the following studies are carried out with the
electric combined heat and power integrated energy station as a
unit: firstly, the thermal load regulation model considering user
comfort is established based on the comfort difference of
young, young, middle-aged and old groups; secondly, the
multiple users are classified, and the demand response
modeling is carried out for the residential, commercial and
industrial users, so as to excavate the typical load curves of the
different types of users, and lay the foundation of calculating
the resilience indexes; then, the load supply and demand
coordination configuration of the multi-energy network in the
future energy system is necessary to further improve the
system resilience level. Finally, taking the ice disaster weather
as an example, the 9-node and 6-node -electric-thermal
integrated energy systems are combined to simulate the
disaster situation. Through the analysis of the example, it is
concluded that the heating comfort of each user group can be
effectively improved after considering the demand of different
user groups, and the value of the system resilience index can be
reduced, which provides a data basis for the subsequent
development of the corresponding economic upgrading
Sstrategy.

II. MODELING THE USER COMFORT FOR MULTIPLE AGE
GROUPS

First, the thermal load regulation model considering user
comfort is established based on the comfort differences among
young, young, middle-aged and elderly groups. According to
the literature [6], it is known that there is a significant
correlation between age and thermal sensation, for example,
the thermal unacceptability of elderly subjects is higher, and
the differences between the elderly and young people in terms
of thermal sensation and preference are more obvious.
According to the World Health Organization's age
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classification, users under 45 years of age are defined as
young; users between 45 and 59 years of age are defined as
middle-aged; users between 60 and 74 years of age are defined
as younger older adults; users between 75 and 89 years of age
are defined as elders; and users 90 years of age and older are
defined as long-lived. The study showed that thermoneutral
temperatures were the same up to age 45, generally defined as
20.4 °C; whereas, above age 45, so it can be seen that there is
significant differences between the groups as age increases.
The thermoneutral temperature for the 60-75 year old group
was 21.2 °C, which is 0.7 °C higher than that of the 45-59 year
old group (20.5 °C), and that for the 75-89 year old group (22
°C) it is higher than that of the 45-59 year old group (20.5 °C)
by 1.5 °C. This implies that older people prefer to stay in
warmer environments than younger people due to the different
basal metabolic rates of different age groups in the same
environment.

In addition, the existing buildings were categorized into
industrial, commercial and residential loads, where the size of
the industrial load is determined by its role, while the majority
of the population in buildings such as commercial office
buildings are young people, whose indoor temperature values
are lower than those in residential buildings, which were set at
20.4 °C and 21.2 °C, respectively; and the residential loads
were categorized into general residential loads and recreational
medical resident load. Among them, the majority of the
recreational and healthcare building population is over 70 years
old, and the indoor temperature is defined as 22 °C.

Therefore, the limit temperature is set as 9 °C, 9.8 °C and
10.8°C in the commercial office buildings, residential buildings
and the recreational and healthcare buildings.

III. MODELING OF RIES
In order to centralize the clusters of buildings belonging to
the users of all ages, this paper is proposed the RIES system
which is schematized as Fig. 171,
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Fig. 1. Description of RIES.

In the picture, the coupling devices are the electrical
boiler(EB) and the gas boiler(GB), the load required by the

distribution network is provided by the superior grid, and the
gas load is provided by the natural gas station. Furthermore,
the residential area includes a general residential building and a
recreational medical residential hospital.

IV. MODELING OF ICE STORM DISASTERS

In the actual system, weather variations are not sharply
demarcated between geographic regions. On long-distance
transmission corridors, weather conditions are constantly
changing over time and space, and are not exactly the same
even within the same geographic region. This also makes the
impact of weather on transmission lines/pipelines very
complex and difficult to make accurate estimates. In order to
evaluate the impact of weather on the transmission
lines/pipelines more simply and effectively, the literature treats
the adjacent area with approximate meteorological conditions
as a weather region and assumes that the RIES in the same
region are under the same weather conditions, and the same
assumptions as in this paper are used®.

The forces of ice cover and wind on the transmission line
can be considered to be perpendicular to each other, as shown
in Fig. 2.

Lr Lwr i

Fig. 2. Analysis of transmission line forces under ice damage.

In the above figure, L; represents the ice force load (N/m), Ly
stands for wind load (N/m).

As a result, the ice-wind force loads on the transmission
line under the joint action of ice-wind force can be obtained
based on the force synthesis.

Ly, = \ (Ll)z + (Lw )2
L, =9.8x10" pz(D+R, )R, (D

L, =CSv (D+2R,)

Where, C is the constant coefficient, D is the cable diameter
(mm), S stands for the span factor, Req represents the thickness
of ice cover (mm).

R, =%J(rpw)2 Gy @)

1
Where, T represents the duration of freezing rain in hours (h),
r represents the rainfall rate (mm/h), p, and p,, represents the
density of ice, respectively, v represents the wind speed (m/s),
which is taken as 1.5, and W represents the water content in
the air, which is calculated by the formula ¥ = 0.067 <736,
Where, the gust wind speed v, is calculated from Equation (3).

v, =1.29v+12.9742 3)

The probability of failure ps of a transmission line per
unit length is:
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Where, awi and bwi are the first and second threshold values
(N/m) for ice-wind loads, separately. The effects of wind and
ice cover should be considered comprehensively when
selecting the threshold values. In the separate consideration of
wind speed, set the wind load of the two threshold values aw,
bw were calculated by the wind speed of 1 times and 2 times
the design value of wind speed; in the separate consideration
of the ice cover, set the ice load of the two threshold values a;,
br were calculated by the thickness of the ice cover 1 times
and 5 times the design value of ice cover thickness. Fault
probability of transmission line per unit length. According to
the probability of failure of a line of unit length, the
probability of failure of a transmission line of length 1 can be
calculated as:
p=1-(-p,) (5)
V. INDICATOR FOR RESILIENCE ASSESSMENT

In order to measure the user-side heat load loss after failure,
this section proposes the segmented heat loss coefficient chear,
which takes the user-side indoor temperature as the starting
point, and changes the basis of the failure state of the thermal
system from heat load shedding to the user-side thermal
comfort, and its segmentation is based on the PMV-PPD
metrics mentioned in the previous section, and the principle is
shown in Fig. 3. The specific definition is as followed®..
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Fig. 3. Schematic diagram of segmented heat loss coefficients.

Cnurmal 4 T, min <T=< YInax
cheat = f(T) = claw’ ]wlim < T S ]:nin (6)
T<T,

Ch[gh’ lim

In the formula, 7, and T, interval between the user in the
thermal comfort environment, corresponding to the weight of
the heat loss can be ignored; 77, and T, interval users are

more uncomfortable, the human body corresponds to the

feeling of cool and warm, respectively, the stage of user
heating has been affected to a certain extent cjw, So the
corresponding heat loss should be taken into account as 1.5;
when the indoor temperature is lower than the T}, the user
side of the heating has been seriously affected, long time in the
temperature may lead to the temperature-sensitive people (such
as the old, young, pregnant, etc.) damage to the health, and
therefore cjign should be added to the weight of the loss of the
heat load under the temperature interval as 2.25.

The process of calculating the resilience indicator after
adding the modified cpew; index can be expressed as follows.
Establishing quantitative indicators is a necessary step in
assessing and enhancing the resilience of the electric-thermal
integrated systems against disasters. General resilience index
consists of four key attributes: robustness, rapidity,
redundancy, and sensitivity. The "4R" attributes is generally
measured in terms of robustness and rapidity. In order to
quantify these two assessment attributes, this paper adopts the
resilience of the entire integrated energy systems based on the
system's performance throughout the entire process of an
extreme natural disaster, which improves the accuracy of the
resilience assessment when the system is affected for a long
period of time. Thus, the performance profile of the
performance curve during extreme disasters can be described
as O(t)in Fig. 4, Qo and Omin represents the normal level and
the most severe level of performance degradation, separately.
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Fig. 4. Description of resilience assessment.

Therefore, the resilience index can be represented by R,
considering that the thermal subsystem has thermal delay
characteristics, the assessment object can consider of the
indoor temperature deficit, so the indoor temperature change
value and fault duration are used as the basis for assessing the
system resilience.

R=["d.[0,-00]d ™
r,, =E[R]=Y_ p()R(i) )]

iel

In the equation, R represents the amount of the electric-
thermal coupled integrated energy systems load curtailment,
measured in MW. [ represents the number of lines in the RIES.
A higher value of the resilience indicator implies that the
system has suffered more damage, resulting in a larger load
curtailment. This indicates a lower level of resilience in terms
of the system's ability to withstand disasters.

VI. CASE ANALYSIS

An example of an integrated energy system coupled with a
9-node power system and a 6-node thermal system is
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investigated, as shown in Fig. 5, where the coupling equipment
is an electric boiler and a gas boiler, the RIES load is from
[10]. In particular, H6 is the recreational and healthcare
building, while H4 and HS are the residential buildings.
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Fig. 5. Description of RIES.

We assume that the repair time of the upper distribution
network and the natural gas station is a randomly generated
integer between 24 and 48 h, and the failure time of the
remaining branches is a random number between 1 and 5 h.
The results are shown in Tab. I, ignoring the second-order
effects. awr is set as 4(mm) and bwi is set as 16(mm). When
emergency response and recovery begins, the thickness of ice
on the network is displayed to the operator and the probability
of failure can be calculated for each distribution line.

TABLE L FAILURE LINE NUMBER AND REPAIR TIME
Number E9-E2, E2-E1, E2-E3, E3-E4, E4-E8, E8-E5, E5-E6,
E6-E7, H1-H2, H2-H3, H3-H4, H3-H6, H2-H5
Repair time 1,2222222,1,3,3,4,5

For example, RIES is affected by the ice storm from the 36
h. According to [9], it can be calculated that the curve of indoor
temperature change in the building after the disaster of each

First of all, option 1 is evaluated without considering the
user demand at each node, in which the load shedding at each
heat network node is shown in the Fig.7.
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Fig. 7. The load shedding of option 1.

Secondly, option 2 is evaluated by considering the demand
of users at each node and the load shedding at each heat
network node are shown in Fig.8. Comparison of Fig. 8 with
Fig. 7 shows that the variation in load shedding corresponding
to the different heat network nodes varies considerably.
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Fig. 8. The load shedding of option 2.
Calculation of resilience indicators for systems subjected to

the ice hazard and the results are summarized in the Tab. II and
Tab. II1.

thermal subsystem node, and the indoor temperature of each TABLEIL  THE RESILIENCE INDEXES OF OPTION 1
building is shown in Fig.6.
& & gf;ﬁgl E9-E2 E2-El E2-E3 E3-E4
27 Resilience
24
. \ » , Igdei(es 165.76 165.63 158.96 152.72
£ aulty
g :i Node 1 Branch E4-E8 ES-E5 E5-E6 E6-E7
& Node 2 s
in Node3 . fos Resilience |35 g 126.92 108.55 65.70
509 Node 4 Indexes
N Rodes lgl‘j‘;ﬁgl HI-H2 | H2-H3 | H3-H4 | H3-H6 | H2-HS
% 20 20 60 80 100 120 Rﬁféléizge 132.78 104.3 29.04 21.81 39.16
t/h
Fig. 6. The indoor temperature.
TABLE III. THE RESILIENCE INDEXES OF OPTION 2
The following two assessment options are assumed, option Faulty
1 for resilience assessment without considering user demand; Branch E9-E2 E2-El E2-E3 E3-E4
and option 2 for resilience index calculation considering Resilience 17318 173,05 16638 6014
different user demands. Since the indoor temperature of each Indexes ’ ) ) ’
building is mainly caus;d by the different loads of hegt II;“ault)If1 EA-ES ES-E5 ES-E6 E6-E7
network, the load shedding of each heat network node is ranc
mainly introduced in the following. Rﬁféléigge 142.42 134.34 115.97 73.12
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Faulty H1-H2 H2-H3 H3-H4 H3-H6 H2-H5
Branch
Resilience 18315 147.9 37.09 27.32 52.34
Indexes
TABLE IV. THE RESILIENCE INDEXES COMPARISONS
Faulty H1-H2 H2-H3 H3-H4 H3-H6 H2-H5
Branch
Rate of 37.93 41.80 27.72 25.26 33.66
change/%

Tab. 4 compares the quantities of thermal subsystem
resilience indexes in option 1(from Tab. II) and option 2(from
Tab. II). From the Tab. IV, it can be seen that after
considering the user demand, the electric load shedding of the
system is almost unchanged, but the thermal load shedding
increases substantially, because the load shedding caused in the
thermal branch is prone to cause a significant drop in the
indoor temperature, and at this time, the range of changes in
the user's tolerance is wider, and the amount of the load
shedding affected by the indoor heat demand of the diversified
users is consequently increased.

Through the comparison of options 1 and 2, it can be seen
that in the resilience assessment proposed in this paper, which
considers the demand of multiple users, the amount of
emergency repair loads in the weak links of the grid after the
onset of extreme natural disasters is elevated, and the weak
links of the electric-thermal integrated energy system are
emphasized, which lays down a modeling foundation for the
repair sequence in the subsequent resilience restoration phase.

Meanwhile, since there are other coupled devices in the
electric-thermal integrated energy system, the heat demand of
the coupled system affected by other extreme disasters will
continue to be expended in our future paper.

VII. CONCLUSIONS

This paper proposes a resilience assessment system for the
regional integrated energy system under the influence of ice
disaster. Firstly, the resilience assessment indexes considering
users demand are established to assess the thermal demand of
users in different buildings with different ages. Then, the
resilience index is determined based on the ice disaster failure
probability model, and it is demonstrated by the simulation
results that the method proposed in this paper can be
effectively identify diversified user demands and focus on the

weaknesses of the thermal use of the system to enhance the
system's resistance to ice storms.
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