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Starting from the demands of new power systems, this paper explores the role of heat pump
energy storage in novel power systems. First, the principles of ultra-high temperature heat
pump energy storage system technology are introduced. Next, a simulation analysis model
of the ultra-high temperature heat pump system is built using Aspen Plus, and simulation
calculations are conducted for key parameters such as outlet temperature, pressure loss,
end temperature difference, cold-end heat storage medium temperature, and other design
factors. Finally, an economic analysis model is developed to study the sensitivity of system
efficiency, thermal storage power, annual operating hours, electricity purchase prices, and
other factors on the economic performance of the heat pump energy storage system. The
results show that parameters like pressure and temperature have a significant impact on the
energy efficiency of the heat pump energy storage system. Notably, the turbine inlet
temperature is linearly related to the outlet temperature. Increasing the turbine inlet
temperature, reducing system pressure losses, lowering the cold-end heat storage medium
temperature, and minimizing the end temperature difference can improve system
efficiency. Many factors affect the economic performance of the system, with the top three
influencing net profitability being system efficiency, thermal storage power, and annual
operating hours. These three factors should be prioritized in system design and
optimization. This study provides theoretical guidance for the design and analysis of ultra-

high temperature heat pump energy storage systems in new power systems.

1. INTRODUCTION

With the large-scale integration of renewable energy into
the power grid, the power system needs to achieve energy
supply and demand balance between the randomly fluctuating
load demand and the power sources. This leads to fundamental
changes in its structural form, operation control methods, as
well as planning, construction, and management, forming a
new generation power system dominated by renewable energy
production, transmission, and consumption, i.c., the renewable
energy power system [1-3]. Although the prospects of new
power systems are promising, their development still faces
many technical challenges, which mainly manifest in the three
dimensions of sufficiency, safety, and economy [4, 5].
Sufficiency is one of the challenges for the development of
new power systems, which comes from the sufficiency of wind
and solar power generation relative to system load, i.e., how to
reserve sufficient flexibility resources in different time and
space to ensure the power balance on both the generation and
load sides. Safety is the second challenge for the development
of new power systems, arising from the "dual-high"
characteristics of high renewable energy proportion and high-
power electronics devices, and the safety challenges induced
by these. Economy is the third challenge for the development
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of new power systems, which comes from the economic
factors, i.e., the resource optimization allocation efficiency
determined by the power market mechanism.

2. THE ROLE OF HEAT PUMP ENERGY STORAGE IN
THE CONSTRUCTION OF NEW POWER SYSTEMS

The large-scale integration of renewable energy generation
into the grid has become a bottleneck restricting its further
development [6]. The matching of large-scale energy storage
devices can solve the time difference problem between
generation and consumption, as well as the impact of
intermittent renewable energy generation on grid security and
stability [7, 8]. Energy storage technology, as an important
means to enhance the capacity of smart grids to accommodate
renewable energy generation and as the central link enabling
bidirectional energy interaction in smart grids, is one of the
key technologies in the construction of smart grids [9].

The application of thermal energy storage technology to
large-scale energy storage in power systems has unique
advantages [10-13]. First, thermal storage technology is a
physical process, which has higher technical maturity and
lower cost compared to chemical and electromagnetic energy
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storage, making it suitable for large-capacity, long-duration
energy storage. More importantly, the vast majority of power
generation processes in the current power system are achieved
through thermal power conversion (except for hydroelectric
power), where thermal energy itself is an essential part of the
generation process. Therefore, when thermal storage
technology is used as a large-scale energy storage method in
power systems, its energy release process can take advantage
of the power system’s own thermal power conversion
equipment, which greatly improves the equipment utilization
rate and overall energy efficiency, thus further reducing
storage costs. Finally, in certain special cases, such as in
distributed energy systems, thermal energy (including both
heat and cold) is one of the energy forms needed by end users,
so using thermal storage technology can achieve multiple
benefits.

3. HIGH-TEMPERATURE HEAT PUMP ENERGY
STORAGE SYSTEM CONFIGURATION

Energy storage technology is rapidly developing, and
research on heat pump energy storage systems has also
received widespread attention [14]. At present, there are two
main technical routes for heat pump energy storage systems:
one is based on the Brayton cycle, and the other is based on
the Rankine cycle. The specific details of each technical route
are as follows:

(1) Heat pump energy storage system based on the Brayton
cycle.

A typical Brayton cycle system consists of a cold storage
unit, a heat storage unit, a compressor, an expander, and a heat
exchanger. The energy storage/release process of the Brayton
cycle-based heat pump energy storage system is shown in
Figure 1, where the power generation process is reversed.
Scholars in France have studied the Brayton cycle-based heat
pump energy storage system and conducted thermodynamic
analysis to examine the effects of various irreversible losses
on system efficiency and energy density [15]. In a heat pump
energy storage system, the cycle efficiency is a function of the
storage temperature. For the Brayton system, high storage
temperatures are beneficial for achieving high round-trip
efficiency and high storage density, but in the system, a high
temperature ratio is achieved through a high-pressure ratio
[16-19]. To increase the pressure ratio, higher performance
requirements are needed for the compressor and expander, and
this also increases the construction costs of the thermal
storage/cooling units.

Some scholars have proposed a combined heat and power
(CHP) system based on the Brayton cycle, suggesting three
operating modes: energy storage, CHP, and combined cooling,
heating, and power. The results show that when the system
operates only in energy storage mode, the cycle efficiency is
63.5%; in the CHP mode, the maximum COP can reach
137.9%; in the combined cooling, heating, and power mode,
the maximum COP achieved is 188.1%, and the maximum
thermal efficiency is 63.9%, which is 1.4% higher than in
energy storage mode, effectively recovering the system's
irreversible losses [20].
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(2) Heat pump energy storage system based on the Rankine
cycle.

The heat pump energy storage system based on the Rankine
cycle was first proposed and analyzed by German researchers
[21]. Since the Brayton cycle-based heat pump energy storage
system requires large high-pressure storage tanks, leading to
higher system costs, German scholars proposed a solution
based on the transcritical CO, Rankine cycle. The system
principle is shown in Figure 2 [22]. This system has a
maximum heat storage temperature of 123°C, and the system
cycle efficiency reaches 53%. Building on this research, other
scholars have constructed a trans-critical CO, system with
both hot water and cold-water storage. In the energy storage
phase, the heat pump cycle heats the water in the storage tank,
and the heated water provides power for the heat engine cycle
during the energy release phase [23]. The latent heat on the
cold side is stored through low-temperature brine, ultimately
achieving a 60% round-trip efficiency and a heat storage
temperature of 177°C. Research on Rankine cycle-based heat
pump energy storage systems has focused more on optimizing
the system configuration [24]. Some scholars have added two
heat exchangers to the conventional system, as shown in
Figure 3 [25]. The addition of heat exchangers improves the
system's performance. From an economic perspective, the
system configuration with heat transfer oil as the thermal
storage medium and heat recovery is considered the best
solution [26]. To improve the energy storage density of the
heat pump energy storage system, scholars in China have
proposed a heat pump energy storage system with
supplementary heating, and on this basis, coupled it with an
organic Rankine cycle system [27].
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Figure 1. Schematic diagram of the Brayton cycle heat pump
energy storage system process
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Figure 3. Energy storage and release process of the high-temperature heat pump energy storage system

3.1 Comparison of different technical routes

3.1.1 Heat pump energy storage system based on the Brayton
cycle

The energy storage/release process of the Brayton cycle-
based heat pump energy storage system is the reverse of the
power generation process. Early research on heat pump energy
storage technology focused more on the Brayton cycle-based
heat pump energy storage system [28-30]. This type of system
uses helium, argon, CO», or air as the working fluid. The
Brayton cycle-based heat pump energy storage system has a
high heat storage temperature, typically exceeding 800 K, and
even approaching 1300 K [31]. Such high storage
temperatures, on one hand, increase thermal losses and
pressure losses in the heat storage components, and on the
other hand, pose greater challenges for the manufacturing of
high-temperature, high-pressure compression components. It
is generally believed that these factors are important barriers
to the large-scale commercialization of Brayton cycle-based
heat pump energy storage systems [32]. Scholars in France
have studied the Brayton cycle-based heat pump energy
storage system and conducted thermodynamic analysis,
examining how various irreversible losses affect system
efficiency and energy density, concluding that the system
efficiency is approximately 66.7% [33]. Scholars in the UK
analyzed and optimized the parameters of heat pump energy
storage, and the results showed that the system efficiency
mainly depends on the performance of the compressor and
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expander. When the variable efficiency of the compressor and
expander reaches 99%, the energy storage efficiency of the
system can reach 70% [34]. Both domestic and international
scholars generally agree that the closed Brayton cycle heat
pump energy storage system has advantages such as high
energy storage density, high energy storage efficiency, and
simple structure, which saves costs and is more suitable for
large-scale engineering applications [35].

3.1.2 Heat pump energy storage system based on the Rankine
cycle

The Rankine cycle-based heat pump energy storage system
has a lower energy storage temperature and a simpler structure.
Therefore, another popular research direction for Rankine
cycle-based heat pump energy storage systems is using heat-
integrated systems. Compared with conventional heat pump
energy storage systems, heat-integrated systems offer better
application prospects. They not only allow efficient energy
storage by utilizing various forms of low-grade heat, but also
can be connected to regional power grids and heating networks
in smart energy systems. Common heat integration methods
include industrial waste heat, district heating networks, solar
thermal energy, and geothermal brine injection [36].

In summary, both domestic and international scholars
generally believe that the Brayton cycle-based heat pump
energy storage system has advantages such as high energy
storage density, high energy storage efficiency, and simple
structure, which saves costs and is more suitable for large-



scale engineering applications. Research on Rankine cycle-
based systems focuses more on optimizing the selection of
working fluids and exploring system performance and
economic benefits under different heat integration scenarios.
In comparison, the Brayton cycle-based system is closer to
actual engineering applications and is more suitable for large-
scale energy storage applications [37]. Therefore, considering
factors such as system simplicity, ease of operation, and low
maintenance workload, the Brayton cycle technology route
with air as the working fluid is preferred [38].

3.2 System model composition

The energy storage and release processes of the heat pump
energy storage system are shown in Figure 4. When there is an
excess of power, the system stores energy by running the
reverse Brayton cycle heat pump mode [39]. The residual
electricity in the grid drives an electric motor, which in turn
drives the compressor. The compressor drives the working
fluid to absorb heat from the low-temperature heat source and
release heat to the high-temperature heat source, establishing
a temperature difference between the thermal storage and
cooling systems, thus converting electrical energy into thermal
energy stored in the storage medium. When there is
insufficient power or high electricity demand, the system
releases energy by running the forward Brayton cycle heat
engine mode [40]. The working fluid expands through the
turbine, doing work to drive the generator and regenerate
electricity. In this phase, the working fluid absorbs heat from
the high-temperature heat source and releases heat to the low-
temperature heat source, transferring heat from the thermal
storage system to the cooling system [41].

3.2.1 Energy storage phase

The required power for the charging part can come from the
abandoned electricity of renewable energy stations such as
solar and wind energy or off-peak electricity from the grid.
Through the heat pump cycle, composed of compressor C1,
expander T1, cold-source heat exchanger Hc, regenerator Hr,
and hot-source heat exchanger Hh, electrical energy is
efficiently converted into thermal energy of the working fluid
[42]. In the energy storage section, the low-temperature
molten salt working fluid is heated into high-temperature

molten salt through Hh and stored in the high-temperature
molten salt tank HTh, achieving large-scale energy storage
[43].

3.2.2 Energy release phase

The working fluid flows through the cooling system to
complete pre-cooling. Compressor C1 compresses the low-
temperature, low-pressure gaseous working fluid to a medium-
low-temperature, high-pressure state. After passing through
the regenerator Hr, the fluid becomes a medium-temperature,
high-pressure state. The thermal storage system releases heat
through the high-temperature heat exchanger, and the working
fluid absorbs heat to become a high-temperature, high-
pressure state. The expander expands the working fluid to a
medium-temperature, low-pressure state. The fluid then passes
through the regenerator and becomes a medium-low-
temperature, low-pressure state. The cooling system releases
cold energy through the low-temperature heat exchanger, and
the working fluid, after releasing heat, reaches a low-
temperature, low-pressure state, returning to the compressor
inlet, completing the discharge cycle [30, 35].

3.3 System modeling

In this paper, Aspen Plus simulation software is used to
build a simulation analysis model of the high-temperature heat
pump energy storage system. The main components include
the compressor, expander, low-temperature heat exchanger,
and high-temperature heat exchanger. In the Aspen Plus V12
version modeling, both the compressor and expander use the
compressor/turbine Comor model. The high-temperature and
low-temperature heat exchangers use the Heater model for
heat exchangers. The physical property method of the working
fluid uses the PENG-ROB method. The process flow diagram
of the cycle is shown in Figure 4.

Based on the operating conditions of the heat pump energy
storage system, the design parameters of the compressor and
expander, as well as the performance parameters of the heat
exchangers, are determined. The system parameters selected
are shown in the Table 1 below. The influence of each
parameter on the cycle efficiency is analyzed using the control
variable method [13].

Figure 4. Simulation process flow of the high-temperature heat pump system
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Table 1. Parameter values for the heat pump energy storage
system design

System Parameter Unit Value
Compression Ratio (Energy Storage) 4.76
Isentropic Efficiency of Compression Process % 78
Isentropic Efficiency of Expansion Process % 90
Mechanical Efficiency % 98
Heat Exchanger Temperature Difference °C 10

3.4 Economic modeling

(1) System economic analysis model [29].

Let the net profit Y=Revenue E—Cost C

Revenue E=Peak-shaving Subsidy El1+Carbon Reduction
Benefit E2+Electricity Sales Revenue E3

Cost C=Electricity Cost C1+Operation and Maintenance
Cost C2

System Efficiency 1, = Power Generation Pg/Electricity
Consumption Pu

Thus, it can be written as:

Y=E-C=p,

1
(elxnp><a-|—e2><77P><a+e3><77P><a—Cl><a—Cz) M)

where, e; represents the unit peak-shaving subsidy, in
yuan/kWh; e,represents the unit carbon reduction benefit, in
yuan/kWh; e represents the unit electricity sales price, in
yuan/kWh; ¢, represents the unit electricity cost, in yuan/kWh.

(2) Sensitivity concept and calculation.

The purpose of sensitivity analysis is to identify the
sensitive factors, which can be determined by calculating the
sensitivity coefficient and critical points.

3.4.1 Sensitivity coefficient (SAF)

The sensitivity coefficient represents the degree of
sensitivity of the economic effect evaluation index of the
technical solution to uncertain factors. The calculation formula
is:

_AE/E

AF/F @

Xer

. . . AF .
where, ypr is the sensitivity coefficient; —is the rate of

change of the uncertain factor F (%); %is the relative rate of

change of the evaluation index E when the uncertain factor
changes (%).

The method of calculating the sensitivity coefficient to
identify sensitive factors is a relative measurement approach,
which determines the ranking of the sensitivity of each factor
based on its relative change's effect on the economic effect
index of the technical solution.

If ygr > 0, it indicates that the evaluation index E changes
in the same direction as the uncertain factor F. If yzr < 0, it
indicates that the evaluation index E changes in the opposite
direction to the uncertain factor F. The larger the sensitivity
coefficient | ygr|, the more sensitive the evaluation index E is
to the uncertain factor F; conversely, the smaller the sensitivity
coefficient, the less sensitive the evaluation index E is to the
uncertain factor F. Based on this, we can identify the factors
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that have the greatest impact on the evaluation index E.

3.4.2 Determination of sensitivity coefficients
By rearranging Eq. (2), we obtain:

3)

Thus, the sensitivity coefficients of heat storage power Pu,
unit peak-shaving subsidy e;, system efficiency 7, , unit
carbon reduction benefit e,, unit electricity sales price e;, and
unit electricity cost ¢; to the net profit can be obtained by
calculating the above Egs. (1)-(3).

oY
— =€, X7, Xa+e,xn, xa

P, “4)
+€,; X177, xa—C; xa—C,
ﬁ:pu(el><a+e2><a+e3><a) (5)
on,
oY
E=pu(el><77P+e2><77P+e3><77P—c1) (6)
ﬁ——p xa 7
6C1 u ()
N b, xne xa
ce, u X7 (®)
a—Y—p X1, Xa 9
2e, M e )
N b, xa
663 u 77P (10)
_R ov
LRI (D
_ OY
" =Y (12)
a oY
=2 13
ZYa Y 63. ( )
_Te OY
" =Y (14)
e oY 1
Y o (15)
_8& oY
YRy e, (16)
e Y 1
TeY e, a7



4. RESULTS AND DISCUSSION
4.1 Simulation results and analysis

(1) System parameter sensitivity analysis.

As shown in Figure 5, when the turbine inlet temperature is
-28.5°C, keeping other parameters constant, the outlet
temperature is -100°C. As the turbine inlet temperature
increases, both the outlet temperature and COP increase. As
shown in Figure 6, when the low-temperature end storage
temperature is 158°C (requiring ternary salts at this point), and
the turbine inlet temperature is 0°C, the outlet temperature is -
100°C. As the low-temperature end storage temperature
increases, the turbine outlet temperature increases, but the
COP decreases.

Due to the viscosity of the working fluid and the effects of
secondary flow during the flow process, pressure losses are
inevitably caused near the heat exchanger and along the
pipeline, which reduces the overall energy efficiency of the
system. As shown in Figure 7, as the pressure loss in the heat
exchanger increases, the work done by the low-temperature
turbine during the energy storage process decreases, resulting
in a lower system COP. When the pressure loss is 15%, the
turbine inlet temperature is -30°C, and the turbine outlet
temperature is close to -100°C. When the pressure loss is 5%,
the turbine inlet temperature is -10°C, and the turbine outlet
temperature is -100°C, with a COP of 1.1. Furthermore, as the
pressure loss increases, the low-temperature refrigerant
temperature increases, which in turn raises the turbine outlet
temperature. Figure 8 shows that the temperature difference
has little effect on the turbine outlet temperature. With other
conditions unchanged, when the turbine inlet temperature is -
30°C, altering the temperature difference of the heat exchanger
keeps the outlet temperature at -101.5°C.

The performance parameters of the heat pump energy
storage system studied in this section are assumed to be
independent. In reality, the various parameters of the system
interact and influence each other, which increases the
difficulty of system performance analysis. Nevertheless, this
chapter reveals the mechanisms affecting system performance,
analyzes the sources of system losses, and evaluates the impact
of each source on overall system efficiency. This provides a
reliable basis for the future development and improvement of
the system.

(2) Economic sensitivity analysis.

This paper considers factors affecting the economic
viability of high-temperature heat pump energy storage
systems at different thermal storage temperatures, such as
annual operating hours, electricity costs, grid electricity prices,
and peak-shaving subsidies. The price difference between
peak and off-peak electricity in major provinces of China is
shown in Figure 9. Cost factors mainly consider annual
operating hours, system efficiency, electricity costs, and
operation and maintenance (O&M) costs. Revenue factors
primarily include peak-shaving subsidies, carbon emission
income, and electricity sales (generation income). The net
revenue formula is: Net Revenue = Peak-shaving subsidy +
Carbon reduction income + Sales revenue - Electricity costs -
O&M costs, which identifies the conditions under which the
high-temperature thermal energy storage combined cycle
power generation project can achieve profitability and good
economic benefits.
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The sensitivity coefficients for the main parameters are
shown in Table 2. It can be seen that the top three factors
affecting the system’s net revenue are system efficiency,
thermal storage power, and annual operating hours. These
three factors should be given priority consideration when
designing and optimizing the system.

There are many factors influencing the system’s economic
performance, but the most important ones include the grid
electricity price, annual operating hours, peak-shaving
subsidies, and electricity costs.

As shown in Figure 10, with the increase in the grid
electricity price, the net revenue at all thermal storage
temperatures shows an upward trend. Moreover, under a fixed
grid electricity price, as the thermal storage temperature
increases from 1200°C to 1600°C, the rate of increase in net
revenue gradually decreases.

As shown in Figure 11, with the increase in operating hours,
the net revenue at all thermal storage temperatures shows a
growing trend. Moreover, for a fixed number of operating
hours, as the thermal storage temperature increases from
1200°C to 1600°C, the rate of growth in net revenue gradually
decreases.
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Table 2. Sensitivity coefficients of main parameters

System Power 1.00

System Efficiency 1.65

Sensitivity Annual Ope?rating Hpurs 1.07
Coefficient Peqk-shavn}g. Subslldy 0.89
Grid Electricity Price 0.65

Carbon Reduction Income 0.11

Electricity Cost -0.57
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Figure 10. Impact of grid electricity price

As shown in Figure 12, when the peak-shaving subsidy
approaches or exceeds 0.2 yuan/kWh, the combined cycle
power generation system at all thermal storage temperatures
becomes profitable. As the thermal storage temperature
increases, the corresponding system’s revenue critical point’s
peak-shaving subsidy becomes smaller. With an increase in
the peak-shaving subsidy, the net revenue at all thermal
storage temperatures shows an upward trend. Additionally, for
a fixed peak-shaving subsidy, as the thermal storage
temperature increases from 1200°C to 1600°C, the rate of
increase in net revenue gradually decreases.

As shown in Figure 13, with the increase in electricity costs,
the net revenue at all thermal storage temperatures decreases.
Additionally, for a fixed electricity cost, as the thermal storage
temperature increases from 1200°C to 1600°C, the rate of
decrease in net revenue gradually slows down.
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5. CONCLUSION

Heat pump energy storage, as an emerging technology that
is not geographically limited and can achieve large-scale
energy storage, has broad prospects in future power systems.
This paper introduced the air-based heat pump energy storage
system, built a mathematical simulation analysis model, and
conducted a comparative analysis of different parameter
configurations. The main conclusions are as follows:

The relationship between the turbine inlet temperature and
outlet temperature is linear. Increasing the turbine inlet
temperature of the heat pump energy storage system, reducing
system pressure losses, cooling end heat transfer medium
temperature, and end temperature difference can all improve
system efficiency.

There are many factors influencing system economics, with
the top three factors affecting net revenue being system
efficiency, storage power, and annual operating hours. These
three factors should be given particular attention in system
design and optimization.

As the proportion of renewable energy installation
continues to rise rapidly, heat pump energy storage, based on
the most mature thermal power conversion technologies, will
play an important role in energy network management.
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