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The integration of high-efficiency heat pump and thermal storage devices is of great
significance to realize the synergy between efficient and flexible operation of the integrated
electric and thermal energy systems. This article proposed an integrated electric–thermal
energy system with heat pump and thermal storage devices and introduced the heat
current method for constructing its overall dynamic power flow model by considering
energy transfer, conversion, and storage processes. On this basis, we derived the overall
system constraint and component constraint equations. Under the objective of wind
power curtailment minimization, the comprehensive effects of the dynamic characteristics
of the heat pump, thermal storage capacity, new wind power installation, and new heat
load on the electric and thermal output are analyzed. The results show that the dispatching
accuracy of wind power output can be improved by up to 8% by taking into account the
dynamic characteristics of the heat pump. The combination of heat pump and thermal
storage device results in a leverage factor of 3.06 and 0.17 for the storage and release
processes, respectively, effectively increasing the flexibility of system scheduling. The
coordination between the newly added wind power installation and the added new heat
load, with the higher operating temperature of the heat pump, is more conducive to
promote wind power accommodation and improve the system’s overall flexibility. These
results provide the necessary basis for the development of an integrated dispatch plan for
the integrated electric and thermal energy systems containing the heat pump–thermal
storage.

Keywords: heat pump and thermal storage, heat current method, dynamic characteristics, integrated electric and
thermal energy, leverage factor

INTRODUCTION

With the increase of extreme weather, the sustainable and coordinated development of energy and
environment has become an important topic of great concern (Sangster, 2016). Recently, many
countries all over the world have put forward the carbon peak and carbon neutral energy
development strategy. Taking China as an example, in order to achieve the dual carbon goals of
carbon peak and carbon neutrality, it has been proposed to build a new power system with renewable
energy as the main part, which will become the main developmental direction of energy fields in the
future. With the rapid development of renewable energy and the continuous increase of installed
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capacity of wind power and photovoltaics, the renewable power
accommodation will become more important. Meanwhile, the
diversification of terminal energy consumption requires the
utilization of electric heating, electric heat pumps, thermal
storage, and other energy conversion devices on the energy
consumption side, which will constitute an integrated electric
and thermal energy system (IETE), becoming a key technical
basis for the efficient operation and flexible dispatching of the
new power system in the future.

The IETEs often involve different energy forms such as
electrical and thermal energy and include the electric and heat
subsystems, respectively. For example, the utilization of electric
heat production and thermal storage technology in the IETEs can
effectively improve the wind power accommodation, but the loss
of the energy grade results in inefficiency of the energy utilization
(Hao et al., 2020a). Compared to direct heat production by
electric heating, an electric heat pump, which is of high
efficiency, can improve the flexibility of the power system and
promote the large-scale accommodation of renewable energy
combining with a thermal storage device. Actually, the electric
heat pump can simultaneously use low-grade thermal energy
(absorbing heat from the external environment) and low-value
renewable energy (abandoned wind, etc.) to improve the ability of
electric and thermal energy conversion, providing an optional
path to achieve a clean heat supply. On the other hand, the
application of thermal storage can reconfigure energy
consumption demands in the spatial and temporal ranges by
shifting peaks and valleys, effectively regulating the peak and
valley characteristics of electrical and thermal loads on the user’s
side. Therefore, the heat pump–thermal storage devices can
realize flexible controllability between energy supply and
demand in new power systems (Bampoulas et al., 2021;
Schellenberg et al., 2020).

The inclusion of an electric heat pump coupled with a thermal
storage device in the IETEs ensures that the conversion efficiency
can be further increased by thermal storage, thus improving the
inertia of the system and enhancing the adjustability of the whole
system (Bechtel et al., 2020). However, the inherent differences in
quantitative and qualitative properties of electrical and thermal
energy require a unified model for the collaboration of electrical
and thermal energy, which is significant for the optimal dispatch
and efficient operation of the IETEs. The application of heat
pump–storage devices in the IETEs will moreover increase the
difficulty of system analysis and modeling due to the large
difference in time constants and the inconsistent inertia of the
electric and thermal systems (Franco and Salza, 2011; Liu et al.,
2011). Therefore, it is necessary to fully consider the coupling
relationship and time scale between each component and carry
out simulations of the dynamic characteristics of non-linear
components to match the actual system operation as much as
possible for the application of high-efficiency heat pump–thermal
storage in the IETEs.

Recently, many scholars have conducted studies on static
models of external characteristics, simplified dynamic models,
and multivariate black-box regression models of heat pumps for
integrated electric and thermal energy systems (Lee and Lu, 2010;
Pan et al., 2017). For example, Tahir et al. (2019) constructed an

exogenous dynamic model of heat pumps based on the energy
hub model for multiple energy production and consumption
systems by directly considering the input and output power of
heat pumps to analyze the demand, response, and renewable
energy consumption of integrated energy systems in domestic
regions. The same heat pump exogenous characteristic model was
also applied to the optimal operation of other integrated energy
systems containing renewable energy (Song et al., 2017; Wanjiru
et al., 2017). Meanwhile, Lu, (2012) simplified the equivalent
thermodynamic model of electric heat pumps and then proposed
a voltage optimization strategy combining day-ahead optimal
scheduling and intraday real-time regulation of electric heat
pumps. Zhang et al. (Menglin et al., 2021) constructed a
model of a large heat pump and implemented optimization for
electric and thermal systems containing large heat pumps to
gradually balance the prediction errors of renewable energy and
load and achieved the synergistic optimization of standby heat
regulation. On the other hand, Gao et al. (2021) tested the
operational performance of a ground source heat pump
system under typical operating conditions, calculated and
studied the performance indicators of the system, and made
recommendations to improve the operational performance of
the GSHP system in terms of system design, construction, and
operation.

The above modeling and analysis of IETE with a heat pump
and thermal storage requires further consideration of the
different energy characteristics and transport properties of
electrical and thermal energy at different time scales. However,
the mutually independent research perspectives of electricity
based on power flow and heat based on work mass flow
(Verda and Colella, 2011), which further increases the
complexity of dynamic modeling and analysis under multiple
time scales. Two different perspectives become the key challenge
of the synergistic efficiency and flexibility of the IETEs with heat
pump–thermal storage (Hongbin et al., 2016; Liu et al., 2016). In
recent years, the heat current method has been proposed to
provide a new research idea for the overall modeling and
optimization analysis of heterogeneous power flow systems
such as electricity and heat (Chen et al., 2017). The method
proposes a quasi-Ohm law to characterize the heat-transfer
process from the perspective of thermoelectric analogy and
also proposes and derives the definition and expressions for
the generalized thermal resistance of heat-transfer equipment
(Hao et al., 2021), which enables the electrification
characterization of different systems such as heat-transfer
systems (Hao et al., 2020b; He et al., 2020), thermal systems
(Hao et al., 2018; Li et al., 2019), and integrated energy systems
(Dai et al., 2017a; Hao et al., 2020a;Wang et al., 2021) through the
linearized definition of the heat-transfer process, and provides a
new perspective for the IETEs to achieve integrated modeling and
global optimization.

In this article, we propose an integrated electrical and thermal
energy system with heat pump and thermal storage devices and
then apply the heat current method to construct an overall power
flow model of the IETEs that takes into account the dynamic
characteristics of the heat pump and thermal storage device.
Under the optimization objective of minimizing wind power
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curtailment, we analyzed the influences of dynamic performance
of the heat pump, the new wind power installed capacity, the new
heat load, and the maximum operation temperature of the heat
pump on the wind power accommodation.

IETES WITH A HEAT PUMP AND THERMAL
STORAGE

Physical Model of the System
The IETEs contain different types of energy production methods
and various energy utilization methods such as electricity and
heat. As shown in Figure 1, the supply side of energy includes
various plant types to generate electric and heat power: thermal
power units (TP), wind power (WP), new installed wind power
(nWP), and combined heat and power (CHP) units. The
electricity produced by different units is transmitted to users
through the grid to meet their different electrical load (EL-1, EL-
2, and EL-3) demands, while the CHP units simultaneously
produce heat to meet the heat load (HL) of existing
centralized heat users through heat-exchange stations (HX2).
At the same time, in order to accommodate wind power and
promote clean heat supply for end users, this article introduces
the electric heat pump (HP) and thermal energy storage device
(TES) on the basis of the existing IETEs so as to meet the new heat
load (nHL) of users on the demand side and realize efficient and
clean heat supply.

Through the application of electric heat pump–thermal
storage coupling devices so that part of the electrical energy
can be converted into heat through the electric heat pump device,
heating the storage medium in the thermal storage device
utilizing the circulating working fluid, satisfying the user’s new
heat load by the heat exchanger (HX1) between the thermal
storage device and the user, achieving the flexible decoupling of
heat generation and heat supply, and constructing a flexible
heating mode of electric heat production, thermal storage, and
heat demand can be realized.

Heat Current Model of Heat Pump–Thermal
Storage and Heat Supply
For the IETEs with heat pump–storage shown in Figure 1, it
covers the production, transmission, storage, and utilization of
electrical and thermal energy, in which the production and
transmission processes of thermal energy are very different
from electrical energy. In order to realize the overall modeling
and analysis of electric energy transmission, electro-thermal
conversion, thermal storage, and heat transfer, this article
introduces the heat current method to analyze the
performance and overall modeling of the coupled heat
pump–storage device. Utilizing electric power, the heat pump
also absorbs heat from the environment and then jointly heats the
medium in the thermal energy storage device, which involves the
heat-transfer processes and the conversion processes between
electric power and thermal power. Furthermore, the thermal
storage device mainly contains two processes of thermal
storage and heat transfer, which are related to the temperature
of the medium in the thermal storage device. When the mass of
the medium in the thermal storage device is given, in a limited
temperature range, the thermal energy storage and release
processes of the device can be analogously equated to the
charging and discharging processes of capacitive elements in
electricity. That is, it can be described by the product of the
change in temperature of the thermal storage medium over time
and its total heat capacity. It should be noted that both electric
heat pumps and storage devices are involved in the heat-transfer
process of the heat-transfer equipment. The rate of heat transfer is
limited not only by the area of the heat-transfer equipment but
also by the equipment to drive the heat-transfer medium, such as
limited pump performance, that is, the restrictions on the
circulation flow of the heat-transfer medium. In the analysis of
this article, it is considered that the thermal storage device, work
material transport pipeline, etc. have good insulation, and the
heat loss of the thermal storage device and pipeline can be
ignored.

FIGURE 1 | Sketch of the IETEs with the heat pump–thermal storage device.
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Applying the heat current method to different heat-transfer
devices, a standardized thermal resistance model is utilized (Hao
et al., 2021), where the driving potential of the heat-transfer
process is the inlet temperature of the fluid on the high
temperature side (Th, in) and the inlet temperature of the fluid
on the low temperature side (Tc, in), and the ratio of the inlet
temperature difference between the two fluids and the amount of
heat exchanged is the heat-transfer thermal resistance, which is
expressed as

R � Th,in − Tc,in

Q
�

exp(NTUh)
Gh

− exp(NTUc)
Gc

exp(NTUh) − exp(NTUc) (1)

where NTUh=(φKA)/Gh, NTUc=(φKA)/Gc. φ is a correction
factor introduced by the different types of heat exchangers, K
is the heat-transfer coefficient of the heat exchanger, A is
total heat-transfer area, and the product of the three (φKA) is
the effective thermal conductance of the heat exchanger. Gh

is the heat capacity flow of the hot-side fluid in the heat-
exchange equipment, that is, the product of the mass flow
rate (mh) and the specific heat capacity (cp). Gc is the heat
capacity flow of the cold-side fluid in the heat-exchange
equipment, that is, the product of the cold side fluid mass
flow rate (mc) and specific heat capacity (cp). The
standardized thermal resistance model is like an electrical
resistance.

Based on the fluid flow typology of the heat pump–thermal
energy storage device and heat supply subsystem, we can
construct its heat current model using the aforementioned
standardized thermal resistance model and the modeling
method (Chen et al., 2017). The heat current model
includes the physical processes of a heat pump, a thermal
storage device, a heat exchanger, and three buildings. There are
two streams of power flowing into the system; one is the
compressor power consumption that is from the electrical
grid, Peh, and raising the temperature Te to Tc by the
compressor, and the other one is from the ambience
through the evaporator in the heat pump. Re and Rc are the
thermal resistances of the evaporator and condenser in the

heat pump, respectively. Rs is the thermal resistance of the heat
exchanger (HX1) for supplying heat to satisfy the new heat
load. Rb is the thermal resistance of the heat exchanger in each
building between the supply water and the ambience. Te and Tc

are the evaporation temperature and condenser temperature,
respectively. Ts is the storage temperature of the thermal
storage device. Tr is the return water temperature. Tsu is the
temperature of the supply water for users. Ta is the ambient
temperature. The equivalent thermal capacity, C, presents the
thermal storage and release processes by the temperature
variation with the time.

Power Flow Model of the IETEs
Based on Figure 1, this research uses the six-bus power system
model and direct current (DC) power flow model (Dai et al.,
2017b; Hao et al., 2020a) for describing the power system shown
in Figure 2. In this model, P is the input power and xi,j is the
power line reactance between bus i and bus j. θ is the voltage angle
of the bus. The computational equations based on the direct
current power flow model of the power system are introduced in
Ref. Hao et al., 2020a.

Figure 3 shows that the heat power flows in the heat current
model based on the thermoelectric analogy perspective by
introducing the equivalent capacitance and generalized
resistance as a way to achieve an electrification
representation of thermal energy conversion, storage, and
transfer in heat pumps, thermal storage devices, heat
exchangers, and other devices, which provide the necessary
basis for the construction of an overall power flow model of
the IETEs. Therefore, combining the heat current model and the
DC power flow model can construct the overall power flow
model of the IETEs with heat pump–thermal storage, as shown
in Figure 4. The black line means the electric power, and the
yellow line means the heat current. Herein, the heat generated
from the CHP unit can provide the original heat load by the
thermal resistance Rb. This overall model covers multiple
coupling processes such as electrical energy, thermal energy
transport, and electro-thermal conversion in the electric heat
pump, thermal storage process, and energy transport processes.
It provides the foundation for the comprehensive analysis of the
system and the construction of system constraints from the
power flow perspective.

FIGURE 2 | DC power flowmodel of a six-bus power system (Hao et al.,
2020a).

FIGURE 3 | Heat current model of the heat pump–thermal energy
storage–heat supply.
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SYSTEM CONSTRAINTS AND
OPTIMIZATION

System Constraints
Based on the overall power flow model of the system in Figure 4,
the power balance equation for the entire system can be
constructed as follows

∑Ptp(t) + Pw(t) + Pnw(t) + Pchp � ∑Pel(t) + Peh(t) (2)
where, Ptp and Pw are the thermal power and wind power,
respectively, Pnw is the new wind power, and Pchp is the
electric output of the CHP unit. Pel is the electric load of the
whole system, and Peh is the new electric load due to the addition
of the electric heat pump coupling thermal storage device, and its
calculation formula is

Peh � Mcp
dTs(t)
dt

+ Ts − Tr

Rs
− Ta − Te

Re
(3)

where M is the total mass of water in the thermal storage device
and cp is the specific capacity of water in the thermal storage
device. Ta is the ambient temperature, Te is the evaporation
temperature of the evaporator in the electric heat pump, Ts is
the total set temperature of the thermal storage device, Tr is the
temperature of the return water on the user side, Re is the thermal
resistance of the evaporator, and Rs is the thermal resistance of the
intermediate heat release device when the thermal storage device
supplies heat to the user.

Unit Constraints
Under given meteorological conditions, the wind power
generation unit has the maximum power output; that is, the
wind power output meets

0≤Pw(t)≤Pw,max (4)
where Pw, max is the maximum electric output of the wind power
plant. Pw(t) represents the real-time electric output of the wind
power, and this constraint is also applicable to the new wind
power plant.

For the thermal plant units, due to capacity and regulation
limitations, there are maximum and minimum outputs and
climbing rates during the operation of thermal power units.

The following constraints need to be satisfied for two thermal
power plants

Ptp,min ≤Ptp(t)≤Ptp,max (5)
−Dtp,max ≤

Ptp(t + 1) − Ptp(t)
Δt ≤Utp,max (6)

where Ptp, min and Ptp, max are the minimum and maximum
outputs of the thermal power unit, respectively. Dtp, max and Utp,

max are the maximum values of down- and up-ramp rates during
the operation of the thermal power unit, respectively.

For the CHP unit, according to the typical “heat-led”
operation mode, the ratio of electric output to thermal output
of a cogeneration unit in normal operation is a constant value

Pchp(t)
Hchp(t) � c (7)

where c is the heat to power ratio and Hchp is the heat output of
the CHP unit.

Meanwhile, the heat generated from the CHP unit is used for
satisfying the original heat load of users, which can be
expressed as

Hchp(t) � Qhl(t) � Tchp(t) − Ta(t)
Rb(t) (8)

where Tchp is the supply heat temperature of the CHP unit. Rb is a
comprehensive thermal resistance containing the heat station
(HX1) and the heat exchanger of the building. Qhl is the original
heat load of residents.

For the future new heat load, the new heat load ratio is
introduced

Qnhl � αQhl (9)
where α is the proportion of new heat load.

In this study, the electric power system, electric heat pump,
thermal storage device, thermal storage and heat exchange device,
and heat release and heat exchange device all have different time
scales with characteristic time variations from a microsecond to
minute scale. By comparison, the response time of the thermal
storage process is the longest. Therefore, the dynamic modeling of
the power system can only consider the transient stabilization

FIGURE 4 | Power flow model of the IETEs with the heat pump and thermal storage device.
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process caused by the change in the user’s electrical load, which is
comparable to the response time scale of the thermal storage
process, while the delay characteristics of the pipeline and the
dynamic characteristics of the heat exchanger can be ignored for
the time being. Besides, the analysis is complicated when
considering the dynamic performance of heat pump
equipment such as evaporators and condensers, so we
introduce performance factors to analyze the dynamic
characteristics of the heat pump. On this basis, Eq. 3 can be
rewritten as

Peh(t) � [Mcp
dTs(t)
dt

+ Qnhl(t)]/COP(t) (10)

where the coefficient of performance (COP) is an important
parameter for presenting the electricity-heat conversion ability
of the heat pump. Based on the definition of COP, that is, the ratio
of the total generated heat to the electrical energy consumption,
can be expressed as

COP � Qh

Peh
(11)

COP �
Ta−Te
Re

+ Peh

Peh
�

Tc−Ts
Rc

Tc−Ts
Rc

− Ta−Te
Re

� 1

1 − Rc
Re

Ta−Te
Tc−Ts

(12)

where Qh is the total generated heat. Based on Eq. 12, we can find
that COP varies with the ambient temperature, evaporation and
condensation temperatures, the temperature of the thermal
storage device, and the thermal resistance of the condenser
and evaporator. Actually, the article considers that the
evaporating temperature, the condensing temperature, and the
temperature of the thermal storage device do not vary much, and
the ratio of the thermal resistance of the condenser to that of the
evaporator can be approximated as 1, the value of COP, which
characterizes the dynamic characteristics of the heat pump, and
can be approximated as a function of the ambient temperature,
which varies with the ambient temperature.

At the same time, the heat-transfer constraint must be satisfied
when providing heat to the user

Qnhl(t) � αQhl(t) � Ts(t) − Tr

Rs(t) (13)

where Tu is the return water temperature of the customer’s water
supply and Rs is the thermal resistance. Given the performance of
the water supply circulating pump, its circulating water flow rate
also needs to satisfy the constraint that

mh_min ≤mh(t)≤mh_max (14)
For the medium water in the thermal storage device, on one

hand, it is necessary to guarantee that no vaporization occurs at a
given pressure and the temperature is lower than the maximum
temperature that the heat pump can provide, and at the same
time, it is necessary to meet the heat load to the additional users.
Therefore, its operating temperature Ts cannot exceed the
minimum of its saturation temperature at the operating
pressure and the maximum temperature of the heat pump and
is higher than the user’s return water temperature to ensure the
supply of heat to the user

Tu(t)<Ts(t)≤min[Tw, max, Tc] (15)

Optimization Objective and Given
Conditions
With the rapid development of renewable energy, the
accommodation of wind power and photovoltaics will
moreover be highlighted in future power systems. Therefore,
this article takes the minimum of wind curtailment as the
optimization objective, and the expression of the objective is

F(Pw) � min∑
t

[Pw,max(t) − Pw(t)] (16)

For thermal power units, the maximum value of the thermal
power unit is 1000MW, and the minimum value is 50% of the rate

FIGURE 5 | Variations of electrical and heat loads and the wind power
ceiling in a typical day.

FIGURE 6 | Variations of ambient temperature and COP in a typical day.
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power. The ramp rates of two thermal power units are the same,
40MW/min. Besides, the range of power generation of the CHPunit
is 180–400MW. For the thermal storage device, the heat capacity of
the thermal storage medium Mcp is 30,000MJ/K, and the thermal
conductance of the intermediate heat exchanger is 10MW/K. The
initial temperature of the heat exchanger is 85°C. For the circulating
water pump, the upper and lower limits of circulating water mass
flow rate are 300 kg/s and 100 kg/s, respectively. The user return
water temperature (Tr) is 45°C. For the new users, the heat capacity
flow of the user return water is 1MW/K. The new heating load is
20% of the original load. The COP of the heat pump without
considering the dynamic characteristics is set as a constant 1.6.
Figure 5 shows the electrical load, the original heat load, and the
wind power ceiling in a typical day with a 15-min time interval (Hao
et al., 2020a). Meanwhile, Figure 6 gives the ambient temperature
and COP obtained by the ambient temperature in a typical day. The
COP of the electric heat pump has the same trend of change with the
outdoor ambient temperature.

According to the given overall constraints and known
parameters of the IETEs with heat pump–thermal storage, the
article uses the Matlab software, combined with CPLEX and
YALMIP optimization toolboxes, to minimize the abandoned
wind power and analyze the optimal scheduling results of the
system under different operational conditions.

RESULTS AND DISCUSSION

Dynamic Characteristic Analysis of the Heat
Pump
Combined with the dynamic characteristics of the electric heat
pump, the fluctuation curve of the newly added heat load and the
corresponding electric power after the application of the heat pump is
given in Figure 7. The newly added heat load is 1,130.96MWh, and
the corresponding newly added electric load value is 702.94MWh. It
can be seen that the fluctuation curve of the heat load is gentler, while
the fluctuation of the electric load curve is different from that of the

heat load due to the dynamic characteristics of the electric heat pump,
and its maximum deviation of peak and valley is directly increased by
63% without adding a thermal storage device. This shows that the
asynchronous electrical and heat loads’ peak-shifting characteristics
caused by the dynamic characteristics of the electric heat pump will
influence the normal operation of the grid.

Figure 8 compares and analyzes the impact of the dynamic
characteristics of the electric heat pump on the optimal dispatch
when the newly added heat load is 20% and the new wind power
is not installed. When the dynamic characteristics of the heat
pump are not considered, the wind power output on a typical day
is 2,109.16 MWh without adding thermal storage devices, and the
total wind power output on a single day after considering the
dynamic characteristics is 2,132.54 MWh, with a difference of
23.38 MWh between the two total output results. Meanwhile, the
maximum deviation of local power reaches up to 8.0%. That is,
the dynamic characteristics of the heat pump will impact the total

FIGURE 7 | Fluctuation curve of the newly added heat load and the
corresponding electric power after introducing the electric heat pump.

FIGURE 8 | Influences of the dynamic characteristics of the heat pump
on wind power output.

FIGURE 9 | Power consumption curve of the electric heat pump in a
typical day.
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wind power generation and the local power dispatch. It can be
seen that when environmental factors are taken into account, it is
beneficial to improve the accuracy of wind power output
scheduling.

The effect of the thermal storage device on the electricity
consumption of the electric heat pump is further compared and
analyzed in Figure 9 when the dynamic characteristics of the
electric heat pump are considered. It can be seen from the figure
that the effect on the power consumption of the electric heat pump
when adding the thermal storage device is reflected in two stages:
heat storage and heat release. In the heat storage stage, such as
0–5.25 h in the figure, the thermal storage device can consume
more power, which produces a certain leverage effect. Therefore,
we propose a leverage factor, defined as the ratio of the power
consumption of an electric heat pump with heat storage to the
power consumption of an electric heat pump without heat storage,
to quantify the leverage effect. It is found that the maximum
leverage coefficient is 3.06 in the heat storage stage, and the
minimum leverage coefficient is 0.167 in the heat release stage.
Meanwhile, the maximum peak-to-valley deviation of the power
consumption of the electric heat pump increases by a factor of 6 in
the case of adding thermal storage and improving the scheduling
flexibility of the power system.

New Added Wind Power Installed Capacity
Influence
In order to achieve the goal of China’s dual carbon strategy, the
installed capacity of renewable energy will be further increased in the
future as a proportion of the installed capacity of each energy source.
Therefore, this article analyzes the operation of electric heat pumps
with respect to the output characteristics of different units at different
new wind power installations. Figure 10 shows the output of thermal
power at three different newly installed capacities. Initially, the total
thermal power output is 14,667.76MWh, and when the installed
wind power capacity increases by 20%, the thermal power output
decreases to 14,354.59MWh, which is 313.17MWh lower than the

original one, andwhen the installed wind power capacity increases by
40%, the thermal power output decreases to 14,055.59MWh, which
is 612.17MWh lower than the original one. In other words, for the
increase of installed wind power capacity and wind power output, the
thermal power output decreases, which can effectively reduce coal
combustion, save fossil energy, and reduce carbon emission in this
case. Figure 11 gives the effect of the increase of the new capacity of
wind power on the power consumption of the heat pump. Under
different new wind power installed capacities, the electrical power
consumption caused by the heat pump increases from 442.93MWh
to 448.73MWh. Meanwhile, the optimal dispatch curve is also
influenced.

New Added Heat Load Influence
In addition, clean heat supply has become a key technology to
meet the growing heat load demand. Figure 12 gives the
electricity consumption of the electric heat pump at different
proportions of a new heat load. When the proportion of the new

FIGURE 10 | Thermal power generation under different new wind power
installed capacities.

FIGURE 11 | Variations of power consumption of the heat pump varying
with the new wind power installed capacity.

FIGURE 12 | Heat pump power under different new heat loads.
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heat load increases from 10 to 30%, the electricity consumption of
electric heat pump then increases by nearly 2.78 times, and the
maximum leverage factor can reach 3.67 with the increase of the
heat load. That is, the introduction of the electric heat pump for
clean heat supply can effectively improve the wind power
consumption capacity of the IETEs.

Moreover, Figure 13 gives the wind power generation under
different new heat loads. The wind power ceiling is
2,298.59 MWh. When 10% heat load is added, the actual
output of wind power after adding the thermal storage device
is 2,169.35 MWh, with 129.24 MWh of abandoned wind and
6.0% of abandoned wind rate. When the new 20% thermal load is
added, the actual wind power output is 2,251.67 MWh with
46.92 MWh and a 2.1% abandonment rate. When the new
load increases by 30%, the wind power output coincides with
the wind power limit after adding the thermal storage device, and
the wind power disposal volume has reached zero at this time,
making the wind power completely consumed. That is, the

addition of a new heat load can improve the wind power
accommodation utilizing heat pump and thermal storage devices.

Figure 14 gives the variation of thermal resistance of the heat
release process with the temperature variation of the electric heat
pump coupled with the thermal storage device under different new
heat loads. The thermal resistance of the heat exchanger and the
storage temperature have the same trend with the increase of the
heat load. The larger the new heat load, the lower the thermal
resistance of the heat exchanger, which requires better performance
of the heat exchanger to meet the demand of the new heat load.

Heat Pump Maximum Temperature
Influence
For the heat pump–thermal storage device, the condensing
temperature of the heat pump will be the key parameter to the

FIGURE 13 | Wind power generation under different new heat loads.

FIGURE 14 | Thermal resistance and storage temperature varying with
new heat loads.

FIGURE 15 | Variations of wind power under different maximum
temperatures.

FIGURE 16 | Variations of heat pump power under different maximum
temperatures.
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temperature of the storage unit. Figure 15 gives the influence of the
maximum condensing temperature of the heat pump on the wind
power accommodation. When the maximum temperature of the
heat pump increased from 100 to 110°C, the amount of abandoned
wind power decreased from 104.73MWh to 46.92 MWh, while the
corresponding abandonment rate decreased from 4.8 to 2.1%. It
can be concluded that the higher the condensing temperature of
the heat pump, the easier the consumption of wind power and the
smaller the wind abandonment rate. However, the higher
temperature means the higher performance requirement of the
electric heat pump, which will lead to a cost increase. Moreover,
Figure 16 shows that the power consumption of the heat pump has
the same variation trend at different maximum temperatures.
From 0 to 6 h, the heat pump power increases and then
decreases. From 6 to 24 h, the heat pump power will increase.
The local leverage factor increases from 1.69 to 3.19 at t = 1.5 h
when the maximum temperature increases.

CONCLUSION

The high-efficiency electricity–heat conversion technology and
thermal storage devices are significant for the development and
utilization of renewable energy. This contribution proposed an
integrated electrical and thermal energy system combining the heat
pump and thermal storage device. Based on the heat current
method, we built an overall dynamic power flow model for the
IETEs containing the heat pump and heat storage, taking into
account different processes in the system such as power balance,
electric–thermal conversion, heat transfer, and storage. With the
optimization objective of minimizing the wind power curtailment,
the scheduling optimization of the whole system is carried out by
synergistically considering the efficiency and flexibility.

The optimization results show that considering the
dynamic characteristics of the electric heat pump affects
the optimized scheduling results up to 8%. Coupling the
heat pump and thermal storage will produce a leverage
effect on the electric and thermal power output, which can
reach 3.06 and 0.17 in the heat storage and heat release stages,

respectively. That is, the heat pump–thermal storage can
effectively enhance the flexible regulation capability of the
IETEs. Finally, we analyzed and elucidated influence of the
newly added wind power installation, newly added heat load,
and the maximum condensing temperature of the electric heat
pump on wind power accommodation under different
circumstances. The future application of wind power for
clean heat supply is a feasible technical solution, and the
development of a more efficient electric heat pump coupled
with a thermal storage device is the key to implementing this
solution. Meanwhile, the most suitable electric heat pump
should be selected as the electricity–heat conversion
technology used in the IETEs. In summary, the application
of the heat current method to analyze the dynamic
characteristics of the heat pump and thermal storage is
feasible and significant in the IETEs.
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NOMENCLATURE

A Heat-transfer area, m2

c Heat to electricity ratiocold, condenser

COP Coefficient of performance

cp Specific heat capacity, W·kg−1·K−1

D Downward ramp rate, MW min−1

G Heat capacity flow, W/K

H Heat load, MW

K Heat-transfer coefficient, W·m−2·K−1

m Mass flow rate, kg s−1

M Total mass, kg

NTU Number of transfer units

P Power, MW

Q Heat-transfer rate, MW

Pe Electrical load, MW

Peh Electrical to heat conversion power, MW

R Thermal resistance, K W−1

T temperature, K

U Upward ramp rate, MW min−1

α New added heat load ratio

φ Correction factor

Subscripts
a ambient

c Heat to electricity ratiocold, condenser

chp combined heat and power

e evaporation

h hot

hl heat load

in inlet

max maximum

min minimum

nw new wind power installation

out outlet

s supply water

tp thermal power

u user side

w wind power
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