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Abstract: Integrated energy system (IES) is an important direction for the future development of the
energy industry, and the stable operation of the IES can ensure heat and power supply. This study
established an integrated system composed of an IES and advanced adiabatic compressed air energy
storage (AA-CAES) to guarantee the robust operation of the IES under failure conditions. Firstly,
a robust operation method using the AA-CAES is formulated to ensure the stable operation of the
IES. The method splits the energy release process of the AA-CAES into two parts: a heat-ensuring
part and a power-ensuring part. The heat-ensuring part uses the high-temp tank to maintain the
balance of the heat subnet of the IES, and the power-ensuring part uses the air turbine of the first
stage to maintain the balance of the power subnet. Moreover, another operation method using a
spare gas boiler is formulated to compare the income of the IES with two different methods under
failure conditions. The results showed that the AA-CAES could guarantee the balance of heat subnet
and power subnet under steady conditions, and the dynamic operation income of the IES with the
AA-CAES method was a bit higher than the income of the IES with the spare gas boiler method.

Keywords: IES; AA-CAES; dynamic simulation; robust operation; operation income

1. Introduction

With the continuous development of the economy, society’s demand for energy is
increasing. In the traditional energy industry, each energy network’s single operation and
centralized energy supply mode are difficult to link with different energy sources [1], and
they cannot improve overall energy efficiency [2]. With the progress of renewable energy
sources such as wind power and hydropower, the ability to absorb renewable energy has
become an important goal for future energy systems [3,4]. In this context, integrated energy
system (IES) has become one of the most important trends in the future energy field [5–7].

IES includes a variety of energy networks such as natural gas, heat, and power. The
connection and mutual coupling between different subnetworks improve overall efficiency
but put forward higher requirements for the system’s stability [8]. Only one single energy
network will be affected when a traditional energy system fails, but when an IES fails,
the coupling between different energy networks will lead to cascading failures [9]. For
example, a natural gas network and a power network are coupled through a gas turbine,
and the failure of the natural gas network may cause the failure of the power network as
the gas turbine fails. Therefore, to ensure the safe and stable operation of IES, it is necessary
to research the fault response and robust operation methods of IES.

For the failure of IES, Li et al. [10] analyzed the reliability of an IES under three
different operation objectives and verified the reasonability of the proposed indices and
flexible scheduling of energy flow. Moslehi et al. [11] built a three-dimensional matrix to
combine failures and different operational periods to realize the quantification of failure
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loss in IES. Benjamin et al. [12] defined a novel criticality index as the ratio of the output
change to the capacity of the failed component. The computation of the criticality index
makes it convenient to develop risk mitigation measures. Dehghani et al. [13] studied the
impact of false data injection attack on distributed generation systems. The result showed
that the attack on loads and prices would lead to serious damage to the network as well as
economic losses. The above research studies mainly focused on evaluating the reliability
of IES and quantifying the possible impact of failures. The elimination of the impact was
achieved by adjusting the equipment in IES without considering the possibility of using
external equipment. This paper aims to find a way to eliminate the influence of failures in
IES through the access of external equipment.

As a new energy storage system, compressed air energy storage (CAES) has wind
power absorption, electricity storage, and thermal energy storage capabilities [14–16].
At present, the ability of CAES to mitigate electricity scarcity has been proven [17], and
CAES’s cogeneration will not affect electric power generation [18]. The similar multi-
energy flow structure of CAES and IES makes CAES one of the best choices to eliminate the
influence of failures in IES. In the various types of CAES, adiabatic compressed air energy
storage (A-CAES) is proven to have the highest energy storage efficiency [19] because the
compression process is adiabatic. The number of compressor stages also has an impact on
the performance of CAES [20,21], and less compression is suggested for a large heating
supply [22]. The integration of thermal energy storage (TES) and A-CAES improves the
power and energy densities of the system [23,24], and the integrated system is called
advanced adiabatic compressed air energy storage (AA-CAES).

In terms of joint operation of AA-CAES and IES, current research mainly focuses on
the integrated system’s operation optimization and structure improvement. The economic
advantages of the joint operation of CAES and IES have been proven [25]. Capacity opti-
mization [26], emission reduction [27], and cost optimization [28] become the improvement
targets of the CAES and IES joint system. The integrated system of AA-CAES and IES has
better performance under variable working conditions [29,30]. Although the advantages
of AA-CAES in improving the economics of IES have been demonstrated, the role that
AA-CAES can play in realizing the robust operation of IES has not been involved.

In this paper, an integrated system composed of an IES and an AA-CAES is proposed.
Two models to simulate possible failures in the IES are established, one pump failure model
to simulate equipment failures and one gas pipeline failure model to simulate network
failures. A robust operation method using AA-CAES is designed to maintain the balance
of subnets in the IES. In this method, the energy release process of the AA-CAES is split
into a heat-ensuring part which uses the high-temp tank to keep the balance of the heat
subnet, and a power-ensuring part which uses the first stage of the air turbine to keep the
balance of the power subnet. In order to verify the feasibility and economic efficiency of
the AA-CAES method in ensuring the robust operation of the IES, two simulations are
carried out in Apros (dynamic process simulation software). The first simulation is carried
out under steady conditions, and the effectiveness of the AA-CAES method is verified by
comparing the IES output values before and after applying the AA-CAES method during
the failure period. The second simulation is carried out under dynamic conditions, and the
incomes of the IES during the failure period are compared after applying the AA-CAES
method and another method that uses a spare boiler instead of AA-CAES.

2. Operation Models for IES
2.1. IES Composition

Figure 1 shows a representative IES consisting of a gas internal combustion engine
equipped with a cylinder liner cooler, a lithium bromide (Li-Br) absorption chiller, a gas
boiler, a spare gas boiler, a ground source heat pump (GSHP), a water collector, and a water
separator. The gas internal combustion engine burns natural gas to drive the generator.
The absorption chiller uses the flue gas to heat water. Meanwhile, the cylinder liner cooler
exchanges thermal energy between water and the high-temperature cylinder liner. The
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GSHP heats water by consuming electricity generated by the generator. The gas boiler heats
water by burning natural gas and the spare gas boiler is closed under design conditions.
The heated water is collected by the water collector and supplied to the heat demand. After
the water temperature decreases, the water flows back to each piece of equipment through
the water separator to realize the whole cycle. When the power output of the generator
cannot meet the demand of the GSHP, the IES can purchase electricity from the external
network to ensure sufficient heat output. The equipment parameters of the IES are shown
in Table 1.
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Table 1. Equipment parameters of IES.

Equipment Name Installed Capacity Type of Energy

internal combustion engine 575 kW Electricity, heat
Li-Br absorption chiller 275 kW Heat

GSHP 2 MW Heat
gas boiler 4.2 MW Heat

spare gas boiler 4.2 MW Heat

2.2. Thermodynamic Model

The gas internal combustion engine and the Li-Br absorption chiller form a combined
heat and power (CHP) system. According to the conservation of energy, the mathematical
model of the CHP system is as follows [31]:

Qi f uel = qgasGigeηq f (1)

Qijacket = qgasGigeηqj (2)

Qi = Qijacket + Qi f uel (3)

Qicchp = Qicopahp (4)

Ei = qgasGigeηe (5)

where qgas is the low calorific value of natural gas, kJ/Nm3; Gige is the natural gas intake
of the system, m3/h; ηq f is the percentage of flue gas heat; ηqj is the percentage of jacket
water heat; Qijacket is the jacket water heat, kJ/h; Qi f uel is the gas heat, kJ/h; copahp is the
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energy efficiency ratio of Li-Br absorption chiller; Qicchp is the heating power of internal
combustion engine, kW; Ei is the electric power of internal combustion engine, kW; ηe is
electric efficiency of the internal combustion engine.

The mathematical model of the gas boiler is as follows [32]:

Qh
iboiler = Giboilerqgasηboiler (6)

where Qh
iboiler is the heat power of gas boiler, kJ/h; Giboiler is the consumption of natural

gas, m3/h; ηboiler is the efficiency of gas boiler.
By consuming a small amount of high-grade energy, the GSHP can realize the energy

transfer from the low-temperature heat source to the high-temperature heat source. The
mathematical model of the GSHP is as follows [33]:

Cap = Pshpcopshp (7)

Qabsorbed = Cap− Pshp (8)

Tload,out = Tload,in − Cap/(mloadcpload) (9)

Tsource,out = Tsource,in − Cap/(msourcecpsource) (10)

Pshpmin ≤ Pshp ≤ Pshpmax (11)

where Pshp is the power of GSHP, kW; copshp is the heating efficiency ratio; Cap is the heating
power, kW; Qabsorbed is the absorbed heat from the ground source, kJ/h; Tload,in(out) is the
inlet (outlet) temperature on the load side, K; Tsource,in(out) is the inlet (outlet) temperature
on the ground source side, K; msource(load) is the water mass flow on source (load) side,
kg/h; cpsource(load) is the fluid-specific heat on source (load) side, kJ/(kg·K); Pshpmin is the
minimum power of GSHP, kW; Pshpmax is the maximum power of GSHP, kW.

3. The Proposed Robust Operation of IES
3.1. Modeling of IES Failure

Water pumps play a key role in the stable operation of IES as an important fluid
component [34]. When a water pump fails, it is usually manifested as a decrease in the
pump’s head. The pressure difference between the front and rear of the pump cannot be
maintained in a normal state and the flow through the pump decreases. After preliminary
research, a failure model of the circulating pump in the Li-Br absorption chiller is proposed.
The similarity law of pump [35] is as follows:

Q2

Q1
=

√
H2

H1
=

n2

n1
(12)

where Q is the flow, m3/h; H is the head, m; n is the speed, r/min; subscripts 1 and 2
represent conditions 1 and 2.

From Equation (12), the change of pump speed will cause the change in the head.
Because of this, a speed control system for the circulating pump is established. The pump
failure is simulated by adjusting the speed of the pump, thereby realizing the dynamic
simulation of the automatic occurrence and elimination of the failure.

As shown in Figure 1, the IES has three energy subnetworks: natural gas, heat, and
power. The natural gas subnetwork supplies natural gas to the CHP system and the gas
boiler to heat water. Due to the coupling between the subnetworks, when the natural
gas subnetwork fails, it will affect the power subnetwork and cause cascading failures
of heating. Therefore, a leakage failure model of the natural gas subnetwork is built.
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According to the hole model of pipelines, the relationship between the leakage flow and
the hole diameter is as follows [36]:

Qm = Aor Ma1P1

√√√√ M
RT1

k
(

2
k + 1

) k+1
k−1

(13)

where Qm is mass discharge rate, kg/s; Aor is hole area, m2; Ma1 is Mach number of the
flow; P1 is pressure, Pa; M is molecular weight, kg/kmol; R is the ideal gas constant,
J/kmol·K; T1 is temperature, K; k is the ratio of specific heats.

After considering the pipeline and the hole’s diameter, the leakage flow is set to be 30%
of the normal flow. The leakage holes are set on the supply branches of the CHP system
and the gas boiler. Due to the lack of pipeline leakage module in Apros software, a pipeline
branch model is established to realize the impact of pipeline failures on the output of the
IES. The model is shown in Figure 2.
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Figure 2. Pipeline leakage model in IES.

The pipeline leakage model uses the throttle model to simulate the leakage of the main
pipe. The diameter of the leaking branch and the hole in the throttle are set to ensure the
leakage flow is 30% of the normal flow.

3.2. Our Robust Operation Method

An integrated system composed of the IES and an AA-CAES is built to ensure the
normal operation of the IES under failures. The equipment parameters of the AA-CAES
are from TICC-500 [37]. The model of TICC-500 is shown in Figure 3. The equipment
parameters are shown in Table 2.
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Table 2. Equipment parameters of TICC-500.

Equipment Name Temperature (◦C) Pressure (MPa)

high-temp tank 120 \
mid-temp tank 100 \
low-temp tank 45 \

air storage \ 10

The operation process of the AA-CAES can be divided into two parts: an energy store
process and an energy release process. During the energy store process, the motor powered
by a wind turbine drives a five-stage compressor to generate high-pressure air, and the
air is stored in two air storages. Between each compressor stage, the compression heat is
used to heat water that flows from the low-temp tank and is stored in the high-temp tank
and the mid-temp tank. The compression heat of the last stage is discarded as it cannot
heat water to the fixed temperature. During the energy release process, a three-stage air
turbine uses the air to drive the generator to generate power after being slowed down by
the decelerator. The intake air temperatures of the three stages in the air turbine are all
designed as 100 degrees, and the air is heated in four heaters by the water stored in the
high-temp tank and the mid-temp tank. After being used to heat the air, the water flows
back to the low-temp tank to complete the whole cycle.

Since the stable operation of the IES under failure conditions requires simultaneous
protection of power and heat subnetworks, a robust operation method using AA-CAES is
formulated, as shown in Figure 4.
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The energy release process of AA-CAES is split into two parts: a heat supply part and
a power supply part. In the heat supply part, the water stored in the high-temp tank is
used to heat the water from the water collector then flows back to the low-temp tank to
complete the cycle. Meanwhile, the water in the mid-temp tank is used to heat the air in
the pre-heater to ensure the fixed intake air temperature of the air turbine. In the power
supply part, only the first stage of the air turbine is used to power the generator since the
high-temp tank has been used. The control system monitors the temperature of the water
collector and the shaft power of the CHP system to determine when to start the energy
release process of the AA-CAES.

In the calculation process of the AA-CAES method, a one-dimensional unsteady
homogeneous flow model is used [38]. The equation system of the model is solved using an
implicit backward Euler method with a SIMPLER algorithm [39]. The proposed AA-CAES
method is considered to have O (n2) computational complexity [40].

4. Simulations and Analysis of Results

The AA-CAES model and the IES model are built in Apros. To simplify the models, the
assumptions of the IES model are listed in Table 3, and the assumptions of the AA-CAES
model are listed in Table 4.

Table 3. IES model assumptions.

Number Assumptions in the IES Model

1 IES can purchase electricity from the external network at any time.
2 The power of equipment can be adjusted from 0 to designed power.
3 The heat demand is adjusted by the water temperature on the user side.

Table 4. AA-CAES model assumptions.

Number Assumptions in the AA-CAES Model

1 The wind turbine provides 200 kW of electric power at any time.
2 The water temperature in tanks will not drop after the energy storage process.
3 Two air storages are combined into one air storage with the same volume.

Model validation of the AA-CAES and the IES is designed to verify the accuracy of
the two models. Two simulations are carried out to verify the effectiveness of the proposed
AA-CAES method in balancing heat subnet and power subnet under steady conditions
and economic advantages under dynamic conditions by recording the system response
under failures and robust operation methods. The first simulation shows the response of
IES under two failures and the response after the AA-CAES method is enabled. The second
simulation compared the income of the IES with the AA-CAES method and spare gas boiler
method under dynamic operation and pipeline failure conditions. The computer’s CPU
used for the simulations is E5-2630 V3, and the software used is Apros 6.09.

4.1. Model Validation
4.1.1. AA-CAES Model

Figure 5 shows the result of the AA-CAES model’s energy storage process. The mass
flow of the air is set to 1667 kg/h to match the design value of TICC-500. The initial
pressure of the air storage was set to 2.5 MPa to match the lower limit of the air storage
pressure. Figure 5a shows that the air storage pressure rises linearly during the energy
storage process, consistent with the experimental results of TICC-500 [37]. Due to the lack
of experimental parameters of the tanks, it is hard to verify whether the simulated value
of the high-temp tank and the mid-temp tank is consistent with the experimental value.
However, Figure 5b shows that the high-temp tank and the mid-temp tank already have
the heating capacity, so it can be considered that the AA-CAES model has been verified.
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4.1.2. IES Model

Figure 6 shows the result of the IES model’s dynamic operation. The power of the
CHP system and the gas boiler is set to maximum, and the power of the GSHP is controlled
to meet the heat demand. The results show that the error between the heat supply of the
IES model and the actual heat supply is less than 10%. After removing the period when the
heat supply changes drastically, the error of the IES model is less than 5%. The accuracy of
the IES model has been verified.
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4.2. Simulation of IES under Steady Conditions

The heat demand of the IES is 7 MW, and all equipment runs at designed power. The
power generated has a surplus of 89 kW under steady conditions. The temperature of the
water collector is recorded from “Temperature” of “Horizontal Tank” in Apros software, the
heat supply of the IES is recorded from “Average heat flow on tube surfaces” of “Counter
Current Heat Exchanger”, and the power of the purchased electricity is recorded from
“Produced active power” of “Elec. Generator”.

Figure 7 shows the heat and power subnetworks response of the IES during the pump
failure period. The failure was set to 600 s to ensure the failure occurs in the IES during
stable operation, and the total simulation time was 3600 s. During the pump failure period,
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the flue gas generated by the CHP system cannot be used to heat water. Therefore, the
temperature of the water collector decreased from 47.7 ◦C to 45.6 ◦C, which reduces the
heat supply from 7 MW to 6.62 MW. Since the CHP system generates electricity, the pump
failure had no impact on the power subnetwork. The negative electricity purchase in
Figure 7b indicates a surplus of electricity in the IES, and there is no need to purchase
electricity from the external network.
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Figure 8 shows the heat and power subnetworks response of the IES with AA-CAES
method during the pump failure period. The failure was set to appear in the 600 s and
was eliminated in the 1800 s to meet the maximum energy release period of the AA-CAES,
and the total simulation time is 3600 s. When the pump failure was detected, the high-
temperature water stored in the high-temp tank of the AA-CAES released to heat the
water in the water collector of the IES to maintain the normal heat supply. The water
collector temperature was kept above 47.5 ◦C and the heat supply was kept above 6.95 MW
during the failure period. After the failure, the temperature of the water collector rose, the
AA-CAES was closed, and the IES returned to a stable operation state. The integration of
the IES and the AA-CAES kept the balance of the heat subnetwork, ensuring that the pump
failure will not have an excessive impact on the IES.
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Figure 9 shows the heat and power subnetworks response of the IES during the
pipeline failure period. The failure was set to 600 s, and the total simulation time was 3600 s.
Unlike the pump failure, the pipeline failure caused a reduction in the fuel of the gas boiler
and the CHP system, which led the temperature of the water collector to decrease from
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47.7 ◦C to 45.7 ◦C and heat supply to reduce from 7 MW to 6.65 MW. The IES purchased
10 kW from the external network to keep the balance of the power subnet.
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Figure 9. Response of the IES during pipeline failure period. (a) heat subnet; (b) power subnet.

Figure 10 shows the heat and power subnetworks response of the IES with AA-CAES
method during the pipeline failure period. The failure was set to appear in the 600 s
and was eliminated in the 1800 s, and the total simulation time was 3600 s. When the
pipeline failure was detected, the control system opened the high-temp tank and started the
discharging process of the AA-CAES to deliver heat and electric power to the IES. During
the pipeline failure period, the water collector’s temperature was maintained at 47.7 ◦C,
and the IES generated a surplus of electric power about 90 kW, which was consistent with
the normal operation of the IES. After the failure was eliminated, the AA-CAES was shut
down, and the IES gradually returned to normal operation.
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4.3. Simulation of IES under Dynamic Conditions
4.3.1. Operation of the IES during Failure Period

Since the power of the Li-Br absorption chiller is 275 kW under dynamic conditions,
which accounts for less than 5% of the IES heat supply, the pump failure will not have
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much impact on the heat supply of the IES. According to this, only the pipeline failure is
considered in the dynamic operation of the IES. The failure is set to appear at 9 o’clock
(32,400 s) and is eliminated at 11 o’clock (39,600 s). The total operation time is 24 h (86,400 s).
The heat supply of the IES and power of equipment are recorded from “Average heat flow
on tube surfaces” of “Counter Current Heat Exchanger” in Apros. The result of the IES
operation under pipeline failure is shown in Figure 11.
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Figure 11. Dynamic response of IES during pipeline failure period. (a) heat supply; (b) equipment power.

The pipeline failure resulted in a power decrease of the gas boiler and the CHP system.
The power of the GSHP remained the same as normal since the IES purchased electricity
from the external network, but the power of the gas boiler and the CHP system decreased
because of the lack of gas.

The two robust operation methods were initiated to eliminate the impact of the pipeline
failure on the IES. The results of the IES operation with two methods under pipeline failure
conditions are shown in Figures 12 and 13.
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During the IES operation under pipeline failure conditions, the heat supply results
using two methods both met the heat demand. In the method using AA-CAES, the water
level of the high-temp tank dropped from the highest level to the lowest level during the
failure, which means two hours is the maximum thermal energy release period of the
AA-CAES under the simulated conditions. The decrease of the IES’s heat supply with
AA-CAES at 11 o’clock (39,600 s) in Figure 12a can also prove this. In the method using the
spare gas boiler, the GSHP was set to maximum power during the failure while the power
of the spare gas boiler was controlled to meet the heat demand. As there is no limit in the
spare gas boiler method such as the water level of the tanks, the heat supply of the IES with
the spare gas boiler was maintained as normal in Figure 13a.

4.3.2. Economic Analysis

The local electric price is CNY 0.94 per kWh, the gas price is CNY 3.12 per cubic meter,
and the heating income is CNY 100 per GJ. The dynamic operating income of the IES in
one day with the two robust operation methods is calculated as shown in Table 5.

Table 5. Dynamic operating income of the IES.

Parameters AA-CAES Method Spare Gas Boiler Method

gas consumption (m3) 11,942.34 11,971.61
generated electricity (kWh) 3695.26 3341.26
power consumption (kWh) 7812.23 8464.23

gas cost (CNY) 37,260.10 37,351.42
electricity cost (CNY) 3869.95 4815.59
heating income (CNY) 46,100 46,100

operating income (CNY) 4969.95 3932.99

During the dynamic operation, both robust operation methods using AA-CAES and
spare gas boiler can guarantee the stable operation of the IES. In terms of the dynamic
operating income, the income of the AA-CAES robust operation method is CNY 1036.96
higher than the income of the spare gas boiler method. The result verifies the possibility of
the integrated operation of IES and AA-CAES, and it also reflects the economic advantage
of using the AA-CAES robust operation method during the pipeline failure period.



Machines 2022, 10, 51 13 of 15

5. Conclusions

An integrated system composed of an IES and an AA-CAES is built to realize stable and
safe operation under equipment and pipeline failures. The steady and dynamic simulations
of the IES during pump failure and pipeline failure are simulated. A robust operation
method using AA-CAES is proposed and used in the steady and dynamic operations of
IES. Another method using spare gas boiler is proposed to compare the income of the IES
in the dynamic operation with two methods. The result showed that:

1. The pump failure under steady conditions affected the heat subnet of the IES, which
caused the heat supply of the IES to drop from 7 MW to 6.62 MW. The pipeline failure
affected both heat and power subnets of the IES, which caused the heat supply of the
IES to drop from 7 MW to 6.65 MW and the additional 10 kW purchased power.

2. The operation method using AA-CAES guaranteed the robust operation of the IES
during failure periods. The heat supply of the IES was kept above 6.95 MW while the
surplus of electric power was kept above 90 kW, which proved the effectiveness of
the joint operation of the AA-CAES and the IES in ensuring the robust operation of
the IES.

3. In the dynamic operation of the IES, both methods using AA-CAES and spare gas
boiler ensured safe and stable operation during the failure period. The income of the
AA-CAES method was a bit higher (RMB 1036.96) than the income of the spare gas
boiler method, which verified the advantage of AA-CAES for the robust operation of
the IES.

4. Although the AA-CAES is effective in realizing the robust operation of the IES, the
output power of the AA-CAES needs to be precisely controlled in the joint operation.
Since the energy storage process of the AA-CAES stores both electricity and heat,
simultaneous electricity and heat release is suggested.
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Abbreviations

IES Integrated energy system
CAES Compressed air energy storage
A-CAES Adiabatic compressed air energy storage
AA-CAES Advanced adiabatic compressed air energy storage
TES Thermal energy storage
GSHP Ground source heat pump
CHP Combined heat and power
Li-Br Lithium bromide
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