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Abstract—In the last decade, a number of severe urban power
outages have been caused by extreme natural disasters, e.g., hur-
ricanes, snowstorms and earthquakes, which highlights the need
for rethinking current planning principles of urban energy sys-
tems and expanding the classical reliability-oriented view. In addi-
tion to being reliable to low-impact and high-probability outages,
power system should also have high level of resilience to withstand
high-impact and low-probability (HILP) events. Compared with
power system, multi-energy systems (MESs) have advantages in
improving resilience through energy shifting across multiple en-
ergy sectors, a variety of generalized energy storage resources
and thermal inertia of heat/cooling loads. This paper proposes
a resilience-oriented planning method to determine optimal con-
figuration of distribution level MES, e.g., urban energy supply
systems, considering comprehensive impacts from supply, network
and demand sides in MES. Impacts of energy shifting at supply side,
pipe storage at network side and thermal inertia at demand side
are described in the same linear modeling framework using energy
hub (EH) model. Generalized energy storage resources including
centralized and distributed energy storage devices, pipe network
storage and building heat capacity are all modeled into centralized
energy storage to facilitate an efficient configuration planning of
MES.

Index Terms—Configuration planning, energy hub, energy
storage, gas network, heat network, multi-energy systems,
resilience assessment, thermal inertia.

I. INTRODUCTION

THE planning and operation of power systems traditionally
conform to reliability requirement, e.g., “N-1” security

principle, to withstand low impact, high probability, more pre-
dictable and more credible power outages [1]. In the last decade,
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a number of severe power outages have been caused by extreme
natural disasters, e.g., hurricanes, floods and ice storms, which
highlights the need for rethinking current planning principles
and expanding the classical reliability-oriented view [2]. In
contrast to typical power system outages, the natural disaster
related events have the characteristics of high impact and low
probability. Multiple component failures can simultaneously
happen in an extreme natural disaster and there is usually a
spatiotemporal correlation between these failures [3]. In addi-
tion to being reliable to low-impact and high-probability out-
ages, power system should also have high level of resilience
to withstand high-impact and low-probability (HILP) events.
Resilience is defined as the ability to anticipate, withstand, adapt
to and recover from an HILP and extraordinary event [4].

In power systems, at any one time, the amount of power
consumed by the loads must equal the amount of power produced
by the supplies less the power lost in transmission. This charac-
teristic of instantaneous power balance brings great difficulty to
continuous power supply when an HILP event happens. More-
over, the flexibility of energy supply within one single energy
sector is relatively limited, which further limits the resilience of
the energy supply infrastructures. In recent years, multi-energy
systems (MES) have been paid much attention to in more and
more research and practices, aiming to obtain greater economic,
environmental and security benefits in integrated energy systems
besides power systems. In MES, multiple energy sectors, e.g.,
electricity, gas, heat and cooling, interact with each other by
energy conversion, enabling the energy shifting across different
energy sectors [5]. Compared with “classical” energy system,
including power system, in which energy sectors are treated
independently, MES has three main advantages in improving
resilience: 1) The flexibility of energy supply is unlocked be-
cause energy shifting across multiple energy sectors is realized
by various types of energy converters in MES. The impact
of a failure that happens in an energy sector in MES can be
resisted and absorbed by another or multiple energy sectors.
2) A variety of centralized, distributed and equivalent energy
storage resources provide adequate reserve during HILP events.
Compared to battery, hot water and gas tanks are more economi-
cal and practical ways to store energy. In particular, the hot water
and gas pipes in heat and gas networks store considerable energy,
which can continue to be used during a certain time period after
the heat and gas sources fail. 3) The thermal inertia of heat
load, e.g., space heating for buildings, relaxes the constraint of
instantaneous power balance. With the disconnection of heat

0885-8950 © 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: b-on: Universidade de Coimbra. Downloaded on January 25,2024 at 14:59:10 UTC from IEEE Xplore.  Restrictions apply. 

https://orcid.org/0000-0001-7957-2586
https://orcid.org/0000-0003-4568-8745
https://orcid.org/0000-0002-9046-7127
https://orcid.org/0000-0003-0366-4657
https://orcid.org/0000-0001-7421-3947
https://orcid.org/0000-0003-2296-8250
mailto:163.com.hwj@163.com
mailto:kangpingli@mail.tsinghua.edu.cn
mailto:ningzhang@tsinghua.edu.cn
mailto:cqkang@tsinghua.edu.cn
mailto:x.zhang14@imperial.ac.uk
mailto:g.strbac@imperial.ac.uk
https://doi.org/10.1109/TPWRS.2021.3123074


HUANG et al.: RESILIENCE ORIENTED PLANNING OF URBAN MULTI-ENERGY SYSTEMS WITH GENERALIZED ENERGY STORAGE SOURCES 2907

supply, it will take some time for the indoor temperature to
change from the set-point to an unacceptable value [6]. The user
experience will not be greatly affected in a certain time after the
failure of heat supply, which provides a buffer for the impact of
HILP events.

Massive research has been dedicated to studying the resilience
of power systems. These studies mainly focus on two categories
of problems, i.e., resilience assessment and resilience improve-
ment. Different types of metrics have been proposed to quantify
the operational and infrastructure resilience of power systems
[7], [8]. A relatively comprehensive framework of resilience
assessment of power systems is presented in [9]. The resilience
improvement measures of power systems are divided into two
categories, i.e., operational measures and hardening measures.
Operational measures are further divided into preventive, correc-
tive and restorative categories. Preventive measures aim to accu-
rately anticipate and prepare for HILP events before they happen.
The literature of preventive categories mainly focuses on natural
disaster forecasting [10], day-ahead unit commitment [11], [12],
resource pre-allocation [13] and network topology switching
[14]. Corrective measures aim to withstand and effectively adapt
to unfolding HILP events. The literature of corrective categories
mainly focuses on resiliency-oriented operation strategy [15],
network topology reconfiguration (particularly sectionalization
into microgrids) [16] and demand response [17]. Restorative
measures aim to rapidly recover after HILP events. The literature
of restorative categories mainly focuses on networked microgrid
aiding [18], repair crew dispatch [19], mobile power sources
(e.g., mobile generators) dispatch [20] and the integration of
these measures [21]. Hardening measures, or planning measures,
aim to reinforce the system infrastructure prior to HILP events
and guarantee the resiliency-oriented operation. In transmission
level, resiliency-oriented line hardening is mostly studied [22].
The allocation of distributed generators is also considered be-
sides line hardening in distribution level planning problems [23].
The planning of energy storage devices, which are regarded as
important resilience resources, is also studied by researchers
[24].

Current research on the resilience of MES is also categorized
into two main groups, i.e., resilience assessment of MES and
resilience improvement of MES. Monte Carlo (MC) simulation
method is mainly used to assess the resilience of MES. A number
of HILP event scenarios or their resulting system outage scenar-
ios are sequentially sampled. The load shedding minimization
problem is iteratively solved for each sampled scenario until the
resilience indices meet the stopping criterion [25], [26]. Simi-
larly, the resilience improvement of MES is studied from either
operational perspective or hardening perspective. The literature
of operational measures mainly focuses on proactive scheduling
[27], [28], unit commitment [29] and repair crew dispatch [30].
The literature of hardening measures of MES is further di-
vided into transmission level and distribution level categories. In
transmission level MES, the energy transmission characteristic
of multiple energy networks is the main concern; therefore,
current research mainly focuses on the optimization of line
hardening strategy or expansion planning strategy for integrated
power and gas transmission networks. As for the methodology,

the tri-level (defender-attacker-defender) robust optimization
technique, where the upper level determines optimal network
hardening strategy, the middle level identifies maximum damage
of MES caused by HILP events and the lower level explores re-
action for minimizing load shedding in response to HILP events,
is mostly used in current research, e.g., [31], [32] and [33]. The
main concern of distribution level MES is energy conversion
and shifting across multiple energy sectors. Some research has
made contributions in proposing methodology to improve the
resilience of energy conversion configuration of distribution
level MES. Reference [34] proposed a genetic algorithm-based
planning method considering resilient scheduling to generate a
more reasonable configuration of distribution level MES for the
operation resilience against supply side outages. Reference [35]
proposed a resilience-oriented configuration planning method
for distribution level MES considering the interaction of demand
response, e.g., adjustable load and interruptible load.

The transmission level MES, e.g., integrated power and gas
transmission networks, has a relatively weaker coupling among
different energy sectors and its resilience analysis is similar to
that of separate energy networks. While the distribution level
MES, e.g., urban energy supply systems, where multiple energy
sectors greatly interact with others by various types of energy
convertors, brings several new problems to its resilience analysis
and planning compared to those of power system:

1) Impacts of energy shifting at supply side. Power system
resilience analysis is mainly based on the accurate model
of power system itself. For MES, the energy conversion
configuration should also be accurately modeled to study
how a failure that happens in an energy sector influences
the rest energy sectors, and whether the impact of this
failure can be resisted and absorbed by another or multiple
energy sectors.

2) Impacts of pipe network storage at network side. In power
system, batteries and standby generators are used to pro-
vide emergency power supply during HILP events. In
MES, the considerable amount of energy stored in the
heat and gas pipe networks can continue to be used after
the energy sources fail. Therefore, besides more kinds of
energy storage devices and standby units, the pipe network
storage should also be considered for emergency supply.

3) Impacts of load thermal inertia at demand side. Power
system operation has the characteristic of instantaneous
power balance of supply and demand. In MES, the ther-
mal inertia of heat/cooling load relaxes the constraint of
instantaneous power balance. The lag between the failure
of energy supply and load shedding, which offers a buffer
for MES to effectively survive a HILP event, should be
considered in the resilience analysis and planning.

However, current research on the resilience of distribution
level MES mainly considers the first point, i.e., energy shifting,
in the planning or operation model. The resilience resources
in the gas, heat and cooling sectors, besides the electricity
sector, are not fully utilized to support the resilience-oriented
planning of MES. To fill this gap in the research on resilience of
MES, this paper proposes a planning method to determine the
optimal configuration of distribution level MES considering the
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comprehensive impacts from supply, network and demand sides
in MES. To avoid directly embedding the nonlinear models of
pipe network and heat/cooling load in the planning model, the
pipe network storage and load thermal inertia are modeled as
generalized energy storage sources in the proposed method. The
contribution of this paper is twofold:

1) A resilience-oriented planning method to determine opti-
mal configuration of distribution level MES is proposed.
Resilience resources from supply, network and demand
sides in MES are all taken into consideration to support the
resilient energy supply of MES in HILP events of different
intensities.

2) A generalized energy storage model is proposed to fa-
cilitate an efficient resilience-oriented planning of energy
resources in MES. The impacts of energy shifting at supply
side, pipe storage at network side and thermal inertia at
demand side are described in the same linear modeling
framework using energy hub (EH) model.

The remainder of the paper is structured as follows. Section II
presents the basic models that are used in the proposed plan-
ning method, including the proposed generalized energy storage
model. Section III presents the proposed resilience-oriented
planning method of distribution level MES. Section IV conducts
a case study of planning of distribution level MES using the pro-
posed resilience-oriented planning method. Section V concludes
the paper.

II. MODEL OF DISTRIBUTION LEVEL MES

This section presents the basic models that are used in the pro-
posed planning method, including model of energy conversion
configuration of distribution level MES, model of pipe storage
capacity, model of building thermal inertia, and probability
model of component failure and repair.

A. Modeling Energy Conversion Configuration: Energy
Bus-Based Energy Hub Model

In distribution level MES, various types of energy converters
and energy storage devices together form an energy conversion
configuration. The key of modeling distribution level MES is to
accurately model the energy conversion relationship among dif-
ferent energy sectors. Prof. Andersson first proposed the concept
of EH in 2007 [36] to model the steady-state energy conversion
relationship across multiple energy sectors in MES [37]. The
used EH model in this paper, i.e., energy bus-based EH model,
is a variant of the original EH model. The energy bus-based EH
model is first proposed in [38], aiming to facilitate the planning
of configuration of distribution level MES. Fig. 1 presents a
typical energy bus-based EH which models a distribution level
MES purchasing electricity and natural gas from upper power
and natural gas transmission networks and meeting electricity,
heat and cooling demands.

Components of energy bus-based EH model are categorized
into three groups, i.e., buses, nodes and branches. A bus is a junc-
tion that concentrates the energy flows from different sources
upstream, e.g., energy converters, energy storage devices and
energy networks outside EH, and distributes the total energy to

Fig. 1. A typical energy bus-based EH representing distribution level MES.

downstream loads. The EH shown in Fig. 1 has four buses, i.e.,
electricity bus, natural gas bus, heat bus, and cooling bus. The
buses can correspond to real facilities, e.g., transformers, natural
gas gate stations and heat exchange stations. Nodes inside EH
are equipment nodes representing different energy converters
and energy storage devices. The EH shown in Fig. 1 has eight
equipment nodes, i.e., combined heat and power unit (CHP),
renewable energy source (RES), electric heat pump (EHP),
auxiliary boiler (AB), heat storage device (HS), compression
electric refrigerator group (CERG), water absorption refriger-
ator group (WARG), and cooling storage device (CS). Nodes
outside EH are interface nodes representing external energy
infrastructures and loads. The EH shown in Fig. 1 has four
interface nodes, i.e., external power and natural gas transmission
networks, electricity load, heat load, and cooling load. A branch,
which represents a direction of energy flow, connects nodes to
buses in EH. The EH shown in Fig. 1 has twenty-one branches.
The CHP node is connected to natural gas bus, electricity bus
and heat bus by three branches, which means that the CHP takes
in natural gas from natural gas bus while supply electricity and
heat to electricity bus and heat bus, respectively. A branch can
also correspond to a real energy infrastructure, e.g., a power
distribution network, a natural gas distribution network and a
heat distribution network.

B. Modeling Discharging of Energy Stored in Pipe Network

In contrast to power networks, where electricity cannot be
stored in lines, natural gas, heat and cooling networks always
store a certain amount of energy in their pipelines during daily
operation [39]. The energy stored in these pipelines can be
adjusted by changing the pressure of gas in natural gas network
or changing the temperature of water in heat/cooling network.

If a heat source fails and its downstream hot water pipelines
survive in an HILP event, taking heat network as an example
here, the heat stored in these pipelines would not immediately
lose with the disconnection of heat source. As a result, the down-
stream hot water pipe network can be equivalent to a heat storage
tank for emergency heat supply. The hot water pipe network
discharges the stored heat like other real heat storage devices
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until the temperature of water decreases to ambient temperature.
The model of discharging of pipe network equivalent storage is:

El · (SOCl(t+ 1)− SOCl(t)) = −Pl(t)/ηl ·Δt (1)

where El is the energy capacity of equivalent storage of pipe
network l, SOCl(t) is the state-of-charge of equivalent storage
of pipe network l in t-th time period,Pl(t) is discharging thermal
power of equivalent storage of pipe network l in t-th time period,
ηl is the discharging efficiency of equivalent storage of pipe
network l, and Δt is the duration of one time period. El is equal
to the stored heat of pipe network l at the onset of the HILP
event:

El = cpml · (Tl(0)− Ta) (2)

where cp is the specific heat capacity of water, ml is the mass of
water held in pipe network l, Tl(0) is the average temperature
of water in pipe network l at the onset of the HILP event, and
Ta is ambient temperature. Therefore, SOCl(0) = 1 and SOCl

decreases to zero if the temperature of water in pipe network l
decreases to ambient temperature:

0 ≤ SOCl(t) ≤ 1, ∀t (3)

Pl can be adjusted by controlling the volumetric flow rate of
water in pipe network l to obtain an optimal discharge strategy.
However, the energy stored in pipe network is considered to be
unavailable if a failure happens in pipe network.

C. Modeling Thermal Inertia of Heat/Cooling Load

Electricity loads, e.g., lighting, in power system have no
inertia toward the change of electricity supply, that is, these loads
are unserved once the electricity supply fails. On the contrary,
some heat/cooling loads, e.g., space heating/cooling for build-
ings, have thermal inertia toward the change of heat/cooling
supply, that is, it takes some time for these loads to be unserved
after the heat/cooling supply fails. This is because the comfort
temperature for users has a certain zone and the user experience
will not be significantly affected until the indoor temperature
is beyond the comfort zone. This lag between the failure of
energy supply and load shedding offers a buffer for MES to
effectively survive a HILP event. The thermal inertia of heat load
is illustrated in Fig. 2, where the heat supply fails at t0, the indoor
temperature leaves the comfort zone at tLS0, the heat supply
system is restored at tRS , and the indoor temperature returns to
the comfort zone at tLSe. However, if the indoor temperature is
away from the comfort zone before MES recovers from the HILP
event, it will also take some time for the indoor temperature to
return to the comfort zone after the energy supply repairs, as
shown in Fig. 2. Therefore, the sign of MES recovery is not the
restoration of energy infrastructures but the restoration of load
supply.

Quantitatively, the model of space heating for a building is:

Q(t+ 1)−Q(t) = Cb · (Tb(t+ 1)− Tb(t))

= (Pin(t)− Pload(t)) ·Δt (4)

where Q(t) is the heat stored in the interior space of building
in t-th time period, Cb is the heat capacity of the interior space

Fig. 2. Illustration of thermal inertia of heat load.

of building, Tb(t) is the indoor temperature of building in t-
th time period, Pin(t) is the thermal power provided by heat
supply system in t-th time period, andPload(t) is the heat load of
building in t-th time period. In daily operation, Pin = Pload and
thus the indoor temperature of building keeps constant. When
the heat supply fails, e.g., Pin = 0, (4) is rewritten as:

Pload(t) ·Δt = Pdisch(t) ·Δt

= Q(t)−Q(t+ 1) = Cb · (Tb(t)− Tb(t+ 1))
(5)

where Pdisch(t) is the equivalent discharging thermal power of
the interior space of building in t-th time period. This equivalent
discharging thermal power is equal to the decrease rate of the
heat stored in the interior space of building, which is calculated
according to the decrease of indoor temperature and the heat
capacity of the interior space of building.

According to (5), the thermal inertia of heat/cooling load is
modeled by an equivalent heat/cooling storage device, which be-
gins to discharge thermal/cooling power to supply heat/cooling
load when heat/cooling supply system fails to satisfy the required
demand:

Eb · (SOCb(t+ 1)− SOCb(t)) = −Pdisch(t) ·Δt (6)

where Eb and SOCb are the energy capacity and state-of-charge
of the equivalent storage device, respectively. Considering that
the heat/cooling load is totally unserved when the indoor tem-
perature is beyond the comfort zone, Eb here only models the
temperature variation within the comfort zone:

Eb = Cb · |Tb(0)− Tlimit| (7)

where Tb(0) is the indoor temperature at the onset of the HILP
event, and Tlimit is the limit of comfort temperature (using lower
limit for heat load while upper limit for cooling load).

Fig. 3 presents the equivalent of EH shown in Fig. 1 encoun-
tering a HILP event. The hot/cold water pipe network storage
for emergency supply and the thermal inertia of heat load are
considered. Three components in EH fail in this HILP event:
1) a node representing EHP, 2) a branch representing power
distribution network between electricity bus and CERG, and 3)
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Fig. 3. Equivalent of EH shown in Fig. 1 encountering a HILP event and
considering pipe network storage for emergency supply and thermal inertia of
heat load.

TABLE I
SUMMARY OF PROPOSED GENERALIZED ENERGY STORAGE MODEL

a branch representing heat distribution network between AB and
heat bus. As shown in Fig. 3, the equivalent HS and CS inside EH
are introduced to model the energy storage of pipe network in
the downstream of EHP and CERG, respectively. While the heat
stored in pipe network in the downstream of AB is unavailable.
The equivalent HS outside EH is introduced to model the thermal
inertia of heat load.

D. Summary of Generalized Energy Storage Model

For an energy storage device, e.g., battery and hot water tank,
the model of its operation is:

Es · (SOC(t+ 1)− SOC(t)) = −Ps/ηs ·Δt (8)

where Es is energy capacity of an energy storage device, Ps is
discharging/charging power of an energy storage device (Ps is
positive when discharging and negative when charging), and ηs
is discharging/charging efficiency of an energy storage device.

According to (1) and (6), a generalized energy storage model
is proposed:

E · (SOC(t+ 1)− SOC(t)) = −P/η ·Δt (9)

The details of the proposed generalized energy storage model
are summarized in Table I.

Fig. 4. Illustration of fragility curve of a component.

E. Component Fragility and Restoration

In a HILP event, each component in MES has a certain
probability of failure; after the event, each failed component is
repaired with a certain time. The failure probability is obtained
by the fragility curve of each component, as illustrated in Fig. 4,
which presents the relationship between the failure probability
of component and the intensity of a HILP event. The component
fragility curves are usually represented using lognormal distri-
butions and fitted using empirical data. As for the restoration of
failed components, the downtime of each component is consid-
ered to be normally distributed. The parameters of distribution
of component downtime is decided by the type of component
and its damage stage.

III. RESILIENCE ORIENTED PLANNING METHOD

This section presents the proposed resilience-oriented plan-
ning method of distribution level MES. First, the quantification
of resilience and classification of HILP events are introduced.
Then, the generation of scenarios is introduced. Finally, the
formulation of the proposed planning optimization problem is
presented.

A. Quantification of Resilience

Resilience is the capability to anticipate, absorb, adapt to, and
rapidly recover from a HILP event. Analysis of resilience puts
particular emphasis on not only the extreme events having high
impact on system performance but also the time-varying charac-
teristics of system performance. The concept of resilience covers
multiple states before, during and after a HILP event. Fig. 5
shows a system resilience curve across multiple states, described
by the time-varying characteristics of system performance be-
fore, during and after a HILP event. System performance can be
expressed and quantified by different indicators, e.g., the amount
of load actually served and the number of operating feeder lines.
The system performance goes through five phases, i.e., pre-event
state, event unfolding state, post-event state, restorative state,
and post-restoration state, before, during and after a HILP event.
The system performance in the pre-event state is SP0 before the
HILP event occurs at t0. During the event unfolding state, the
system performance drops from SP0 to SPe due to the shock
of HILP event. Following the HILP event, the system enters the
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Fig. 5. System resilience curve across multiple states before, during and after
a HILP event.

post-event state at tee and resides in this state for some time
before the restoration is initiated at tr. The system then enters
the restorative state, where the system performance recovers
from SPe to SP0 with the application of restorative actions.
Once the restoration is completed at te, the system enters the
post-restoration state. The time scale of event unfolding state
mainly depends on the type of HILP event, e.g., an earthquake
usually lasts from seconds to minutes while a typhoon can last
from hours to days. The time scale of post-event state mainly
depends on the response time of restorative actions, which
usually lasts from seconds to hours. The time scale of restorative
state mainly depends on the types of failed components and their
damage states. A restoration of a failed component can last from
hours to more than a week. It should be noted that the curves in
the event unfolding state and restorative state shown in Fig. 5
are used for demonstration purposes. Practically, these curves
can have any shape depending on the system infrastructure and
the impact of HILP event.

According to Fig. 5, different indices can be calculated to
quantify the system resilience [7]. In this paper, the total loss
of system performance across multiple states during and after a
HILP event is used to quantify the resilience of energy supply
in MES:

Resilience Index =

∫ te

t0

(SP0 − SP (t))dt (10)

It should be noted that this integral covers the restorative state
because rapid restoration is also important to a highly-resilient
system. It is thought that the system does not totally recover from
a HILP event until system performance returns to the initial level
before the event. Further, the amount of load actually served is
used to describe the system performance in this paper; therefore,
the resilience index is equal to the total energy-not-served (ENS)
during and after a HILP event:

Resilience Index = ENS =

∫ te

t0

LS(t)dt (11)

whereLS is the amount of load shedding. It should be noted that
the comfort zone of indoor temperature is taken into considera-
tion when calculating theLS of heat/cooling load, through using
the equivalent heat/cooling storage device.

Considering the thermal inertia of heat/cooling loads, some
loads may not be restored in time even if all failed energy
infrastructures are repaired after a HILP event, as shown in

TABLE II
CLASSIFICATION OF HILP EVENTS FOR HEAT LOAD IN EH SHOWN IN FIG. 1

aheat sources here denote the energy converters that produce heat

Fig. 2. The resilience index is approximated by a coefficient
αinertia:

Resilience Index =

∫ te

t0

LS(t)dt = αinertia ·
∫ t′e

t0

LS(t)dt

(12)
where t′e is the time when all failed energy infrastructures are
repaired (te ≥ t′e).

B. Classification of HILP Events

As mentioned above, a preset limit is used to specify the
maximum ENS that can be accepted in a HILP event. However,
one single preset maximum ENS is not adequate and not proper
to cover all HILP events of different degrees. A stricter limit can
be set for a less severe HILP event, while a looser limit can be set
for a more severe HILP event. The severity of a HILP event can
be judged by the number of failed units or disconnected units
that it causes. Taking the EH shown in Fig. 1 as an example,
a HILP event can be classified into different levels for the heat
load, as shown in Table II. A loosest limit of ENS of heat load
is set for a HILP event of level III while a strictest one for that
of level I.

As a result, the preset limit of ENS of a certain load is a
function of the HILP event impact.

C. Scenario Generation

Both normal operation scenarios and HILP event scenarios are
used to perform the planning. The normal operation scenarios
are used to estimate the operating cost of MES, while the HILP
event scenarios are used to calculate the resilience index.

1) Normal Operation Scenarios: The normal operation sce-
narios are represented by several typical scenarios of different
seasons. The method of scenario reduction, e.g., k-means clus-
tering, is used to characterize load scenarios and RES output
scenarios by different patterns for several selected days belong-
ing to different seasons.

2) HILP Event Scenarios: A number of scenarios represent-
ing different HILP events are generated beforehand to support
the quantification of system resilience. The main steps of sce-
nario generation are:

Step 1:Decide the greatest intensity of the studied HILP
events, e.g., a once-in-a-century event is considered at most,
which depends on the budget of decision makers.

Step 2: Calculate the failure probability of each component
in MES according to its fragility curve and the greatest intensity
of HILP events decided in Step 1.
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Step 3: Sample the status of each component, i.e., operating
or failure, in the HILP event according to its failure probability
obtained in Step 2.

Step 4: Sample the downtime (restoration time) of each failed
component from its corresponding normal distribution of down-
time.

Step 5: Combine the sampling results of all components in
MES to form a complete HILP event scenario. The total time
of a scenario is decided by the longest downtime of failed
components.

Step 6: Repeat Step 3 to Step 5 until the number of generated
scenarios reaches a preset amount.

In addition, the annual load curves and annual RES output
curves are used to present the fluctuations of load and RES
output, respectively, in HILP event scenarios.

It should be noted that the impact of a HILP event is considered
to be comprised of only one main shock that lasts very short time
in this paper, and continuous shocks and cascading failures are
not considered.

D. Optimization Problem

A stochastic optimization problem is solved to determine the
optimal configuration of distribution level MES. The decision
variables include capacities of energy converters, energy storage
devices, renewable energy sources and energy feeders (including
power feeder lines, gas pipelines and hot water pipelines). If
the obtained optimal capacity of some component is zero, this
component is not recommended to be invested. The objective
of the proposed planning problem is to minimize the sum of
equivalent annual capital cost and annual operating cost of the
studied MES:

min

⎧⎪⎪⎨
⎪⎪⎩

∑
i∈Ωc

[
Ci · pci · r·(1+r)τi

(1+r)τi−1

]
+

∑
s∈Ωs

D · ω(s) ·
{ ∑

k∈Ωk

T∑
t=1

[
P in
k (t) ·Δt · cok(t)

]}∣∣∣∣∣
s

⎫⎪⎪⎬
⎪⎪⎭

(13)
where Ci is capacity of component i, pci is unit investment cost
of component i, τi is lifetime of component i, r is annual interest
rate, D is total number of days in one year, ω(s) is probability
of scenario s, T is total number of time periods in one day,
P in
k (t) ·Δt is the amount of energy of type k (e.g., electricity

and natural gas) purchased from external energy infrastructures
in time period t, cok(t) is price of energy of type k in time period
t, and Ωc, Ωs and Ωk are set of candidate components, scenarios
and types of import energy, respectively.

The first line of (13) is the equivalent annual capital cost
which is calculated by multiplying the net present value of
capital cost by a capital recovery factor, while the second line
of (13) is the annual operating cost for purchasing energy which
is proportional to the weighted mean of operating cost of each
scenario. It should be noted that the calculated annual operating
cost is only contributed by normal operation scenarios, that
is, it does not include the operating costs in HILP events and
restorative periods, because: 1) during HILP events, the security
of energy supply is far more important than its economy, and 2)

the probability of HILP events is too low to be accounted in the
annual operating cost.

The constraints of the proposed planning problem consist
of two categories, i.e., 1) normal operation constraints, and 2)
resilient operation constraints in HILP events.

1) Normal Operation Constraints: This category of con-
straints is applied to normal operation scenarios where all of
the components (including energy converters, energy storage
devices, renewable energy sources and energy feeders) in the
system are in normal operating state. Normal operation con-
straints include power conservation constraint, energy converter
operating characteristics, energy storage device operating char-
acteristics, energy feeder power loss, component capacity con-
straint, and energy purchase constraint. Specifically:

a) Power Conservation Constraint: For each unit, includ-
ing energy converter, energy storage device and renewable en-
ergy source, its input power is equal to the sum of receiving end
power of its input energy feeders, and its output power is equal
to the sum of sending end power of its output energy feeders.
For each bus, the sum of input power is equal to that of output
power.

P in
i (t) =

∑
j∈Ωin

i

P l,out
j (t), ∀i ∈ Ωu, ∀t (14)

P out
i (t) =

∑
j∈Ωout

i

P l,in
j (t), ∀i ∈ Ωu, ∀t (15)

∑
j∈Ωin

b

P l,in
j (t) =

∑
j∈Ωout

b

P l,out
j (t), ∀b ∈ Ωb, ∀t (16)

where P in
i (t) and P out

i (t) are the input and output power of
unit i in time period t, respectively, P l,in

j (t) and P l,out
j (t) are

the sending end and receiving end power of energy feeder j in
time period t, respectively, Ωin

i and Ωout
i are sets of input and

output energy feeders of unit i, respectively, Ωin
b and Ωout

b are
sets of input and output energy feeders of bus b, respectively,
and Ωu and Ωb are set of units and buses, respectively.

b) Energy Converter Operating Characteristics: A en-
ergy conversion efficiency is used to model the relationship
between the input and output of an energy converter.

P out
i (t) = P in

i (t) · ηi, ∀i ∈ Ωuc, ∀t (17)

where ηi is the energy conversion efficiency of energy converter
i, and Ωuc is set of energy converters.

For single-input and multi-output energy converters, e.g.,
CHP, more than one energy conversion efficiency is introduced:

P p
CHP (t) = P g

CHP (t) · ηg2p, ∀t (18)

Ph
CHP (t) = P g

CHP (t) · ηg2h, ∀t (19)

where ηg2p and ηg2h are efficiencies of gas-power conversion
and gas-heat conversion, respectively.

c) Energy Storage Device Operating Characteristics: Be-
sides charging and discharging power, state-of-charge is also
introduced to describe the operation of energy storage devices.

Ei · (SOCi(t+ 1)− SOCi(t))
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= (P char
i (t) · ηchari − P disch

i (t)/ηdischi ) ·Δt, ∀i ∈ Ωus, ∀t
(20)

where Ei is the energy capacity of energy storage device i,
SOCi(t) is the state-of-charge of energy storage device i in
time period t, P char

i (t) and P disch
i (t) are the charging and

discharging power of energy storage device i in time period
t, respectively, ηchari and ηdischi are charging and discharging
efficiencies of energy storage device i, respectively, and Ωus is
set of energy storage devices.

d) Energy Feeder Power Loss: A efficiency coefficient is
introduced to model the power loss of energy feeders.

P l,out
j (t) = P l,in

j (t) · ηlj , ∀j ∈ Ωl (21)

where ηlj is the efficiency coefficient to model the power loss of
energy feeders, and Ωl is set of energy feeders.

e) Component Capacity Constraint: The operating point
of each component, including energy converter, energy storage
device, renewable energy source and energy feeder, is con-
strained by its power capacity or energy capacity.

0 ≤ Pi(t) ≤ Ci, ∀i ∈ Ωc/Ωur, ∀t (22)

0 ≤ Pi(t) ≤ Ci · PUi(t), ∀i ∈ Ωur, ∀t (23)

0 ≤ Ei · SOCi(t) ≤ Ei, ∀i ∈ Ωus, ∀t (24)

where Ωur is set of renewable energy sources, and PUi is the
per-unit output curve of renewable energy source i.

f) Energy Purchase Constraint: The amount of purchased
energy is constrained by the energy supply capacities of external
energy infrastructures.

0 ≤ P buy
k (t) ·Δt ≤ P buy,max

k (t) ·Δt, ∀k ∈ Ωk, ∀t (25)

where P buy
k (t) ·Δt is the amount of purchased energy of type

k in time period t, and P buy,max
k (t) ·Δt is the upper limit of

amount of purchased energy of type k in time period t.
2) Resilient Operation Constraints in HILP Events: This cat-

egory of constraints is applied to HILP event scenarios. It should
be noted that power conservation constraint and energy purchase
constraint are also applied to HILP event scenarios; Constraints
of component operating characteristics are also applied to nor-
mally operating components in HILP event scenarios. Resilient
operation constraints in HILP events include component failure
constraint, model of pipe energy storage, model of thermal
inertia of heat/cooling load, and resilience index constraint.
Specifically:

a) Component Failure Constraint: The operating point of
each component is also constrained by its status, i.e., operating
or failure.

0 ≤ Pi(t) ≤ M · Si(t), ∀i ∈ Ωi, ∀t (26)

where M is a positive large number, and Si(t) is the status of
component i in time period t, which is determined by sampling.

b) Model of Pipe Energy Storage: If a heat source fails
and its downstream hot water pipelines survive in an HILP
event, the downstream hot water pipe network is equivalent to
a heat storage tank for emergency heat supply; so does cooling
network. For details, see Section II.

Fig. 6. Annual electricity, heat and cooling load profiles in Tongzhou sub-
sidiary administrative center.

c) Model of Thermal Inertia of Heat/Cooling Load:
Equivalent energy storage devices are introduced to model the
thermal inertia of heat/cooling load. For details, see Section II.

d) Resilience Index Constraint: The obtained resilience
index, i.e., ENS, of each load in each scenario should be less
than a preset limit.

ENSk(s) ≤ εk, ∀k ∈ Ωload, ∀s (27)

where ENSk(s) is the ENS of load k in scenario s, εk is the
preset limit of ENS of load k, and Ωload is set of loads. The εk,
serving as resilience requirement, is reasonably set to guarantee
continuous supply of essential load in HILP events. According
to the classification of HILP events, the εk is a function of both
k and the vector of component status at the end of a HILP event
(denoted by Sc):

εk = f(k,Sc) (28)

The proposed planning problem is a linear programming (LP)
problem which can be efficiently solved by commercial LP
solvers.

IV. CASE STUDY

This section conducts a case study of planning of distribu-
tion level MES using the proposed resilience-oriented planning
method. The impacts of new issues in MES, e.g., energy storage
of pipe network, and thermal inertia of heat/cooling load, are
studied.

A. Basic Settings

The proposed planning method is used to determine the con-
figuration of the typical distribution level MES that is shown in
Fig. 1. The studied MES operates to satisfy electricity load with
a peak load of 168 MW, heat load with a peak load of 166 MW,
and cooling load with a peak load of 251 MW. Fig. 6 shows
the annual electricity, heat and cooling load profiles which refer
to Tongzhou subsidiary administrative center, Beijing, China.
Roof photovoltaic (PV) system, one kind of RES, is considered
as an alternative electricity resource of the studied MES besides
main grid electricity. The maximum installed capacity of roof
PV system within the area of the studied MES is 50 MW. Fig. 7
shows the hourly PV system output data in Beijing (for 50
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Fig. 7. Hourly PV system output data in Beijing.

Fig. 8. Selected representative load scenarios and PV system output scenarios
in Tongzhou subsidiary administrative center.

MW system), which are obtained from the National Renewable
Energy Laboratory (NREL) [40].

The normal operation scenarios are represented by several
typical scenarios of different seasons to estimate the annual
operating cost of the studied MES. Using method of scenario
reduction, e.g., k-means clustering, load scenarios and PV sys-
tem output scenarios are characterized by different patterns
for three selected days belonging to summer, intermediate and
winter seasons, respectively. The selected representative load
scenarios and PV system output scenarios (for 50 MW system)
in Tongzhou subsidiary administrative center are shown in Fig. 8.

The price of main grid electricity in Beijing is categorized
into peak, flat and valley time prices (1322.2 CNY/MWh, 839.5
CNY/MWh and 381.8 CNY/MWh, respectively). In summer,
critical peak price (1440.9 CNY/MWh) is applied to three hours
(11:00∼13:00 and 20:00∼21:00) each day. The curve of elec-
tricity price in Beijing is shown in Fig. 9. The price of natural gas
for industrial and commercial use in Beijing is 300 CNY/MWh.
The amount of purchased electricity/natural gas is no more than
250 MWh per hour.

The technological and economic parameters of candidate
components, including energy efficiency, unit investment cost
and lifetime, are listed in Table III. CHP and AB are built near
natural gas bus. EHP, CERG and RES are built near electricity
bus. WARG are built near heat bus. The length of corresponding
branches, e.g., the branch between CHP and natural gas bus, is

Fig. 9. Curve of electricity price in Beijing.

TABLE III
ENERGY EFFICIENCY, UNIT INVESTMENT COST AND LIFETIME

OF CANDIDATE COMPONENTS

aInvestment cost of water pipeline considers both supply pipe and return pipe.

assumed to be zero. The length of the rest branches is assumed
to be 10 km. The discharge time of HS and CS is 6 hours
when operating under rated condition. As for equivalent energy
storage, suppose: 1) The energy stored in each pipeline is able
to support a 6-hour emergency supply at rated flow rate, if it
survives in the HILP event. 2) When heat sources fail to satisfy
the heat load, it takes 2 hours for the performance (temperature)
of heat load to change from set point to an unacceptable value.
Besides, αinertia is assumed to be 1.1.

500 HILP scenarios are considered in the planning to ensure
the resilience of the obtained configuration of the studied MES.
The greatest intensity of the considered HILP events is deter-
mined and, as a result, the failure probabilities of nodes (e.g., en-
ergy converters, energy storage devices and RES) and branches
(e.g., power feeders, hot/cold water pipelines and natural gas
pipelines) in the studied MES are 0.4 and 0.6, respectively.
The extreme scenarios, e.g., all the energy sources in MES fail
in a HILP event, are neglected because their probabilities are
extremely low. The expectation of repair time of failed nodes and
branches is 48 hours and 24 hours, respectively, with a standard
deviation of 4 hours. The repair time of each failed component
is not less than 12 hours. Table IV presents the resilience
requirement, i.e., maximum ENS, of each load under HILP
events of different levels. It should be noted that the settings
of resilience requirement depend on the amount of nonessential
load and corresponding maximum tolerable downtime.
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TABLE IV
RESILIENCE REQUIREMENT OF EACH LOAD UNDER HILP EVENTS

OF DIFFERENT LEVELS

TABLE V
PLANNING SCHEMES AND CORRESPONDING ANNUAL COST GIVEN BY

DIFFERENT PLANNING METHODS

B. Results and Discussion

To show and analyze the impact of energy storage of pipe
network and thermal inertia of heat/cooling load, another three
planning methods besides the proposed one are used to deter-
mine the configuration of MES shown in Fig. 1. Specifically:

1) The proposed planning method. Both energy storage of
pipe network and thermal inertia of heat/cooling load are
considered.

2) Alternative planning method I. Energy storage of pipe
network is considered; Inertia of heat/cooling load is
neglected.

3) Alternative planning method II. Energy storage of pipe
network is neglected; Inertia of heat/cooling load is con-
sidered.

4) Alternative planning method III. Both energy storage of
pipe network and thermal inertia of heat/cooling load are
neglected.

Under the resilience requirement that is shown in Table IV, the
planning schemes and corresponding annual cost given by these
four planning methods are presented in Table V. The capacities
of power feeders and water pipelines are determined by the
planned capacities of energy converters and energy storage
devices. Alternative planning method II and III suggest that no
planning scheme can satisfy the resilience requirement shown in
Table IV. Alternative planning method II and III do not use the
energy stored in the pipe network, which is a significant buffer
against energy shortage in HILP events. Without this buffer
provided by pipe network, the resilience of the studied MES
is limited to a relatively low level. Under the planning scheme
obtained by the proposed planning method, the heat supplied by

Fig. 10. Heat supplied by pipe network storage and heat demand relaxed by
heat load inertia in 45 HILP events in winter season.

TABLE VI
RELAXED RESILIENCE REQUIREMENT OF EACH LOAD UNDER HILP EVENTS

OF DIFFERENT LEVELS

pipe network storage in 45 HILP events in winter season is calcu-
lated and shown in Fig. 10; On average, the heat provided by pipe
network storage accounts for 33.0% of heat load in these HILP
events. Comparing the planning results of the proposed plan-
ning method and alternative planning method I, the capacities
of AB, WARG, HS and CS are significantly reduced due to
thermal inertia of heat/cooling load. This thermal inertia re-
laxes the constraint of instantaneous power balance, and thus
reduce the demand for energy supply in HILP events. Similarly,
under the planning scheme obtained by the proposed planning
method, the heat demand relaxed by heat load inertia in 45 HILP
events in winter season is calculated and shown in Fig. 10; On
average, the heat demand relaxed by heat load inertia accounts
for 6.8% of heat load in these HILP events. The capacities of
EHP and CERG obtained by the proposed planning method are
slightly larger in order to consume surplus electricity generated
by CHP. Under the same resilience requirement, the proposed
planning method reduces equivalent annual cost, including cap-
ital cost and operating cost, by about 6%.

To further conduct a comparison among the four planning
methods, the resilience requirement shown in Table IV is re-
laxed, as shown in Table VI.

Under the relaxed resilience requirement shown in Table VI,
the planning schemes and corresponding annual cost given by
these four planning methods are presented in Table VII. With
looser resilience requirement (comparing Table VII with Ta-
ble V), the capacities of energy converters and energy storage
devices are reduced, and equivalent annual cost decreases. Using
either emergency energy storage of pipe network or thermal
inertia of heat/cooling load, the invested capacity of each en-
ergy converter or energy storage device can be reduced when
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TABLE VII
PLANNING SCHEMES AND CORRESPONDING ANNUAL COST GIVEN BY

DIFFERENT PLANNING METHODS

TABLE VIII
PLANNING SCHEMES AND CORRESPONDING ANNUAL COST AND EENS GIVEN

BY DIFFERENT PLANNING METHODS

aThis column calculates the difference between the two groups of planning results.
The results given by the proposed planning method considering classification of HILP
events serves as the benchmark.

meeting the same resilience requirement shown in Table VI.
Especially, the proposed planning method suggests that HS and
CS are not necessary to be invested under such loose resilience
requirement. Compared to alternative planning method III, the
proposed planning method reduces equivalent annual cost by
about 29%.

The advantages of classification of HILP events in the pro-
posed planning method is proved. Table VIII shows planning
schemes and corresponding annual cost and expected ENS
(EENS) obtained by the proposed planning method with and
without classification of HILP events. Under the circumstances
where classification of HILP events is considered, the resilience
requirement shown in Table IV is used; Under the circumstances
where classification of HILP events is not considered, only one
single limit of resilience index is set for each energy sector
regardless of intensity of HILP events (Specifically, 10 MWh
for electricity load, 500 MWh for heat load and 100 MWh for
cooling load). EENS presented in Table VIII is the expected en-
ergy not supplied in one HILP event. The subscripts e, h and c of
EENS indicate electricity, heat and cooling loads, respectively.
Not considering classification of HILP events means only being
concerned with the impacts of HILP events of relatively high

TABLE IX
TWO GROUPS OF RESILIENCE REQUIREMENT UNDER HILP

EVENTS OF DIFFERENT LEVELS

intensity level. The relaxation of resilience requirement in HILP
events of relatively low intensity level leads to lower annual cost
and higher EENS in HILP events. For example, as Table VIII
shows, annual cost is reduced by 0.3% while EENS of heat
and cooling loads are increased by 73% and 74%, respectively.
Annual cost is mainly impacted by the resilience requirement
in relatively severer HILP events; therefore, stricter resilience
requirement in relatively less severe HILP events does not cause
a significant increase in annual cost while it contributes to a great
improvement in EENS of loads.

To study the impact of the definition of resilience index on
the planning results, two planning methods are compared:

1) The proposed planning method, where the resilience index
is defined as the amount of ENS in a HILP event.

2) Alternative planning method IV, where the resilience in-
dex is defined as the maximum amount of load shedding
in a HILP event.

Table IX shows two groups of resilience requirement that
are set for these two planning methods. Based on the given
resilience requirement, the planning schemes and corresponding
system security indices given by these two planning methods
are shown in Table X. The presented system security indices
include the EENS, the maximum amount of load shedding
(denoted by LSmax), and the expected length of time that the
load is in short supply in a HILP event (denoted by EST). The
subscripts e,h and c of these indices indicate electricity, heat and
cooling loads, respectively. Compared to the proposed planning
method, alternative planning method IV reduces the maximum
amount of load shedding by up to 50%. Although alternative
planning method IV has advantages in directly limiting the
instantaneous load shedding, it does not take into consideration
the length of time that the load is in short supply. As a result,
alternative planning method IV leads to much larger EENS
and EST than the proposed planning method. For example,
the EENSe and ESTe caused by alternative planning method
IV are about 19 and 39 times as large as the EENSe and
ESTe caused by the proposed planning method, respectively.
The proposed planning method limits the amount of ENS to
achieve a balance between limiting the instantaneous load shed-
ding and limiting the length of time that the load is in short
supply.
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TABLE X
PLANNING SCHEMES AND CORRESPONDING SYSTEM SECURITY INDICES GIVEN

BY DIFFERENT PLANNING METHODS

aThis column calculates the difference between the two groups of planning results. The
results given by the proposed planning method serves as the benchmark.

V. CONCLUSION

This paper proposes a resilience-oriented planning method
to determine optimal configuration of distribution level MES,
e.g., urban energy supply systems, considering comprehensive
impacts from supply, network and demand sides in MES. Im-
pacts of energy shifting at supply side, pipe storage at network
side and thermal inertia at demand side are described in the
same linear modeling framework using EH model. Generalized
energy storage resources including centralized and distributed
energy storage devices, pipe network storage and building heat
capacity are all modeled into centralized energy storage to
facilitate an efficient configuration planning of MES. In the case
study, the proposed planning method is used to determine the
configuration of typical distribution level MES, which contains
energy converters, energy storage devices, renewable energy
sources and heat/cooling pipe network, to satisfy electricity, heat
and cooling loads in Tongzhou subsidiary administrative center,
Beijing, China. Using either emergency energy storage of pipe
network or thermal inertia of heat/cooling load, the invested
capacity of each energy converter or energy storage device can
be reduced when meeting the same resilience requirement, thus
further reducing equivalent annual cost of MES. Classification
of HILP events is used in the proposed planning method. It is
proved that classification of HILP events can contribute to a great
improvement in EENS of loads without causing a significant
increase in annual cost.
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