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Abstract: Aiming at problems such as the low efficiency of renewable energy conversion
and the single energy flow mode, this paper proposes a heat pump energy storage sys-
tem combining cold, heat and power generation to achieve the purpose of diversified
utilization of renewable energy. The system is suitable for buildings requiring cooling,
heating/domestic hot water production and electricity. This paper mainly uses MATLAB
for numerical calculations, selects several key cycle parameters to calculate and analyze the
thermodynamic performance of the system, and uses the genetic algorithm and TOPSIS
decision method to carry out fine design of the system working conditions. Through the
multi-objective optimization calculation and the optimal solution, the system can achieve a
total energy efficiency of 2.39 and a high thermal economic performance, indicating that the
system can achieve the goals of cooling, heating water and power supply and providing
ideas for the application of the multiple energy storage system.

Keywords: pumped thermal energy storage; carbon dioxide heat pump; multi-energy
storage; multi-objective optimization

1. Introduction

With the strengthening of development and investment in renewable energy such as
wind and solar energy, renewable energy, led by both, will become the fastest growing
energy source in the world in the next 30 years [1]. However, due to the intermittent
and fluctuating characteristics of renewable energy generation [2], with the increase in its
penetration rate in the power grid, the grid connection of renewable energy will have some
impact on the traditional power grid [3,4]. Energy storage technology is the key to the full
utilization of renewable energy. Realizing the movement of energy in time and space is the
key principle of energy storage [5], which is essentially to make energy more controllable.
The basic principle of electricity storage technology is that the electric energy is converted
into other forms of energy storage when there is excess electric energy production, and
when electric demand is large, the other forms of energy stored are re-converted into
electric energy and released through certain technical means to achieve the function of peak
regulation of electric energy.

To fully utilize renewable energy sources, the global effort to shift away from fossil
fuels calls for energy storage that is efficient, affordable, and sustainable. The Carnot
battery [6,7] could revolutionize the energy storage sector [8]. Pumped thermal electricity
storage (PTES) technology, also known as the “Carnot battery”, combines thermal cycle
technology with energy storage technology [9] and is a new type of electricity storage
technology developed in recent years. The realization of the PTES charge/discharge
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function is not limited by geographical conditions and will not bring environmental and
safety problems. At the same time, PTES has the advantages of large capacity, sufficient
power, high efficiency, low cost, and long heat storage period [10,11]. According to the
different operating principles of the system, PTES can be further divided into supercritical
Brayton cycle PTES, transcritical cycle PTES, and subcritical cycle PTES.

The storage temperature of the Brayton PTES system is high, usually above 500 °C.
The material and process requirements and quality of the system are high, resulting
in an increase in the initial investment of the system [12]. Compared with the Bray-
ton PTES system, there are relatively few studies on PTES based on the Rankine cycle.
The transcritical cycle PTES system, such as the transcritical CO, PTES system, uses
non-toxic, non-flammable, environmentally friendly CO,, which has excellent thermal
performance, as the working fluid because its working temperature is lower than 200 °C.
As a heat/cold storage medium, pressurized water has a broad development prospect
in the field of energy storage. In the transcritical CO, PTES system established by Mer-
cangoz et al. [13], the heat storage system consisted of four heat storage tanks and four
ice storage tanks. The results showed that the efficiency of the system reached 53%, and
the maximum pressure reached 13.3 MPa when the maximum storage temperature was
only 396 K. Morandin et al. [14,15] optimized different transcritical CO, cycle config-
urations using hot water and brine ice for heat and cold storage, respectively, and the
cycle efficiency reached 60%. The maximum temperature of the system was only 450 K,
but the maximum pressure was 18.9 MPa. In the follow-up study, Morandin et al. [16]
optimized the thermal economic performance of the different system configurations
they proposed. The charging and discharging power of the system was 50 MW, the
charging and discharging time was 2 h, and the cycle efficiency was increased to 64%. In
view of the high storage pressure of CO; as a working fluid, Carro et al. [17] proposed a
PTES system in which high-pressure CO; is stored in abra. This system is suitable for
different scenarios of renewable energy storage and carbon capture systems, and the
storage efficiency reaches 42-56%. Combined with renewable energy storage, the system
can store more than 1 Mt of additional CO; per year.

The application of the Rankine cycle-based PTES system in the integrated energy
system is particularly important. Reference [18] designed a PTES system suitable for
industrial parks. The system could integrate the low-temperature waste heat of industrial
parks as the basis of electricity storage and meet the steam demand of the industrial
parks at the same time. In the case of industrial parks, the steam heat PTES system has a
round-trip efficiency of 55.6%, a COP of 3.3, and a heating efficiency of 68.2%, which
shows to a certain extent that the heat pump energy storage system based on the Rankine
cycle has considerable energy storage performance. At the same time, the high efficiency
of thermoelectric conversion gives it the ability to integrate and redistribute the thermal
and electrical resources [19]. Although in terms of performance, the PTES system based
on the Rankine cycle has shown good competitiveness, the practical economy of the
heat pump storage system is still open to question. Taking data centers as practical
application scenarios, Antoine [20] explored the technical and economic potential of
heat pump power storage system based on the Rankine cycle. His research idea was
to improve system efficiency by recycling waste heat, thus enhancing the economy of
the system.

In recent years, the development of Carnot battery technology has been rapid, and
several representative research projects have been initiated, for example, the National
Facility for Pumped Heat Energy Storage (Newcastle University, Cambridge, UK, 150 kW
grid-scale demonstration), the CHESTER Project (EU Horizon 2020, 10 kWe lab-scale
prototype system), and the Malta system (Malta, Inc., Cambridge, UK, 100 MW grid-
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scale solution). Initially, the Carnot battery concept was chiefly centered around electric
energy storage. However, its application scope has now expanded to multi-vector energy
domains, such as combined cooling, heating, and power (CCHP). These multi - energy
management systems gain enhanced flexibility and efficiency by integrating different
energy sources, including solar, wind, and waste heat, and being applicable to intricate
application scenarios. Take the Rankine cycle-based Carnot battery systems as an example.
They are capable of making use of waste heat. Provided that waste heat is considered
costless, they can theoretically reach a roundtrip efficiency exceeding 100%. Due to this
advantage, they have been suggested as an approach for renovating existing coal - fired
power plants, as well as solar thermal and photovoltaic (PV) power plants.

Much of the literature has focused on grid power to storage intermediates (high-
temperature thermal energy), which, after a period of time, are converted back into
electrical energy. However, there is a lack of research on how to convert grid power into
more intermediate products. Based on the current research situation, a new concept com-
bining the Carnot battery and multiple energy storage is proposed in this paper: power
supply from the grid to the multistage heat pump, generating cold, medium-temperature
heat, and high-temperature heat; the cold capacity and medium-temperature heat can be
used by users, and the high-temperature heat can meet the needs of power generation. In
view of the current problems of low efficiency of distributed energy conversion and the
time-space mismatch between supply and demand, this kind of pumped thermal energy
storage system is a viable choice for sustainable energy development in the future [21].
In this paper, the key parameters such as heat pump parameters and heat engine pa-
rameters are studied, and the performance is analyzed. The genetic algorithm is used
to optimize the system. The performance calculation and analysis were completed by
MATLAB R2020a.

2. System Description

This section mainly introduces the basic operation principle of the system and the
system operation process.

2.1. System Principle

The principle of the multiple energy storage system based on CO; heat pump en-
ergy storage is shown in Figure 1. By compressing the working fluid several times, the
heat is stored and utilized in steps, so as to achieve the purpose of storing renewable
electricity in the form of cold and hot energy storage fluid. Unlike the conventional
pumped thermal energy storage system, which stores electric energy only in the form
of cold heat with a large temperature difference in the energy storage unit, the system
stores about 0 °C of cold energy on the energy storage side to meet the cooling load
demand on the user side. At the same time, it stores 50 °C medium-temperature hot
water, which is used to provide domestic hot water for the user side, and it stores the
high-temperature heat of about 115 °C for driving the turbine to generate electricity.
The system not only can store renewable power, but can also realize the flexible regu-
lation of storage/release of power and meet the demand of multiple loads of heating
and cooling in different periods.
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Figure 1. General description of the multiple energy storage system.

2.2. System Process

The heat pump energy storage system is mainly composed of the energy storage cycle

and energy release cycle, and the main components are the compressor, heat exchanger,

throttle valve, pump, and turbine.

@

@)

As shown in Figure 2a, when the system performs the energy storage process, the
cycle operation mode is similar to that of a multistage compression heat pump. The
initial state of the working fluid of the cycle is 1. From state 1 to 2 is the first stage
of compression. The low-temperature and low-pressure CO, (m,) is mixed with the
working fluid (mg) after the first stage of compression (C1), becoming stage 4. From
state 4 to 5 is the second stage of compression; the mixed working fluid (my,) enters
the second stage compressor (C2) to become the medium-temperature and -pressure
working fluid. From state 11 to 3 is the heat equilibrium process. The heat exchanger
on the my branch is designed to balance the heat of the system by absorbing heat from
the air to achieve the thermal balance of the first stage compression circuit. From state
5 to 6 is the third stage of compression. From state 5 to 9 is the process of medium-
temperature heat storage in gas cooler 1. After diverting the working fluid after the
second-stage compressor, some working fluid (me) is heat exchanged with water in
gas cooler 1 for medium-temperature heat storage (50 °C), and the other (m.) enters
the third-stage compressor. From state 6 to 7 is the process of high-temperature heat
storage in gas cooler 2. After three stages of compression, the working fluid reaches
a high-temperature and high-pressure state, and this part of the high-temperature
heat is stored in water through the gas cooler 2 for high-temperature heat storage
(120 °C). From state 7 to 8 is the process of throttling in throttle valve 1. From state 10
to 11 is the process of throttling in throttle valve 2. The working fluid of the outflow
gas cooler is medium-temperature and high-pressure supercritical CO,, which enters
the first-stage throttle to become the medium-temperature and medium-pressure
working fluid, and then, enters the second-stage throttle after mixing (m¢) with the
medium-temperature heat transfer working fluid (me). From state 11 to 12 is the
process of throttling in throttle valve 3. From state 12 to 1 is the cooling process in the
evaporator. After two throttling processes, the working fluid is divided into two ways:
one way (mg4) absorbs environmental heat for heat balance, and the other way (m,)
carries out the third-stage throttling to become low-temperature and low-pressure
working fluid, absorbs the heat of the coolant in the evaporator, and restores the initial
state of the working fluid.

As shown in Figure 2b, the energy release process is the heat engine cycle. From state
a to b is the pressurization process in the pump. The low-temperature, low-pressure
working fluid (my) is pressurized by the pump to become the low-temperature, high-
pressure working fluid. From state b to c is the heating process in the recuperator.
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The low-temperature working fluid at state b of the recuperator is exchanged with
the waste heat at the turbine outlet. From state c to d is the heating process in the gas
heater. From state d to e is the expansion process of the turbine. The working fluid
flows into the gas heater and uses the high-temperature heat stored in the energy
storage cycle to heat the working fluid, thus becoming the high-temperature, high-
pressure supercritical CO; in the turbine expansion power generation. From state f
to a is the cooling process in the condenser. The medium-temperature fluid at the
turbine outlet can preheat the working fluid at the outlet of the pump, and the CO,
after heat exchange can further release excess heat to the environment and return to
the initial state.

Gas cooler 2

Gas cooler 1 m | m,
—
_____ 5
Medium heat |_ <j
storage
m,
1 e ’
>
3
ﬁ Heat exchanger 2
V3 Heat absorption <j
12 Evaporator | m,

C1, C2, C3- Compressor; V1,V2, V3- Throttle valve
m- Mass flow rate

1-C1 inlet; 2-C1 outlet; 3-Heat exchanger outlet; 4-
C2 inlet; 5-C2 outlet; 6-C3 outlet; 7-Gas cooler 2
outlet; 8-V1 outlet; 9-Gas cooler 1 outlet; 10-V2
inlet; 11-V2 outlet; 12-V3 outlet.

(a)

Figure 2. Cont.
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Figure 2. Schematic diagram of multiple energy storage system. (a) Schematic diagram of energy
storage cycle. (b) Schematic diagram of energy release cycle.

3. Materials and Methods

This section mainly introduces the modeling of the system, models the various com-
ponents of the system, establishes the performance index of the system, and finally, verifies
the validity of the model.

3.1. Mathematical Models

In order to study the thermodynamic performance of the PTES system, it is necessary
to establish the thermodynamic model of the main components of the system in order to
analyze the overall thermodynamic performance of the system. In the process of building
the thermodynamic model of the system, in order to simplify the calculation and analysis
process, the following basic assumptions are made:

(1) The system is in a stable operation state and does not consider the specific heat
transfer process;

(2) The heat transfer loss between the internal and external pipes and compressors and
the external environment is ignored;

(8) The pressure drop of CO; and energy storage medium in the flow process is ignored,
and the flow rate and temperature are evenly distributed;

(4) Mass conservation is satisfied at each part of the system; that is, the outlet flow of the
connected component is equal to the inlet mass of the next component.

3.1.1. Heat Pump Modeling
The working fluid is pressurized in the compressor, and the calculation methods of

the isentropic efficiency of the compressor are shown in Equation (1):

iscomt = G iseon2 = 2 5 iscons = (1)

where the subscript “is” indicates isentropic, and the numbers in the subscripts represent
different state points.
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The input work of each stage compressor is shown in Equation (2):
Wep = my X (hz - hl);WCZ =my X (h5 - h4);Wc3 = m; X (h6 - h5) (2)

where m,, my, and m, are, respectively, the mass flow rates of the first-, second-, and
third-stage compressors.

In the throttle model, the specific enthalpy of the working fluid at the inlet and outlet
is the same, and the calculation method is shown in Equation (3):

hy = hg; hig = h11;h11 = hap 3)

In this paper, all the heat exchangers in the system are tube-in-tube heat exchangers.
The energy conservation equation of each heat exchanger is shown in Equation (4):

me X (hc,o - hc,i) = My X (hw,i - hw,ﬂ) (4)

where m. and m,, are, respectively, the mass flow rate of working fluid and heat storage
fluid; h¢,p and hy, are, respectively, the outlet specific enthalpy of working fluid and heat
storage fluid; k. ; and h,, ; are, respectively, the inlet specific enthalpy of working fluid and
heat storage fluid.

3.1.2. Heat Engine Modeling

According to the theory of heat transfer and engineering thermodynamics, the process
of working medium pump doing work to working medium is an adiabatic process, and the
calculation method of adiabatic efficiency is shown in Equation (5):

hys — h
77is,p = hbbsi h: (5)

The output work of pump is shown in Equation (6):
Wp = ms X (hb — ]/la) (6)

where m; is the mass flow rate of heat engine cycle.

According to the theory of heat transfer and engineering thermodynamics, the expan-
sion process in a turbine is an adiabatic process, and the calculation method of adiabatic
efficiency is shown in Equation (7):

_ hg—h,
Mis,t = Ty — Ttos @)

The output work of the turbine is shown in Equation (8):
Wr = my X (l’le — hd) (8)

3.1.3. Energy Balance Equations and Other Correlations

The calculation method of cold storage capacity Qo4 is shown in Equation (9):

Qcold = Mg X (hl - hl?.) )

The calculation method of heat storage at medium temperature Qy,; ,, is shown in
Equation (10):
Qhot,m = e X (hs — ho) (10)
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where 1, is the mass flow rate of working fluid in gas cooler 1.
The calculation method of heat storage at high temperature Qy;; is shown in
Equation (11):
Quotp = me % (he — h7) (11)

The input work and calculation method of the first-, second-, and third-stage compres-
sors We1, Wea, Wes is shown in Equation (12):

Wer = mg X (hy = hy); Wea = my X (hs — ha); Wea = me X (he — hs) (12)
The calculation method of total input energy W is shown in Equation (13):
We = Wer + Wez + Wes (13)

There is mixing of working fluid at point 4, which can be modeled by mass flow
balance and energy balance, as shown in Equations (14) and (15):

Mg +my = my (14)

My X hy +my X hg = my X hy (15)

There is mixing of working medium at point 10, which can also be modeled by mass
flow balance and energy balance, as shown in Equations (16) and (17),

Me +me = my (16)

mCXh8+meXh9:meh10 (17)

where 1y is the mass flow rate of working fluid in throttle valve 2.
By combining the mass flow balance at point 11 and point 4, Equation (18) can
be obtained:
7’Tlf = my (18)

The calculation method of heat transfer of gas heater is shown in Equation (19):
Qh =m; X (hd — hc) (19)

The power output of the heat engine cycle W, is obtained by subtracting the power
consumption of the pump from the output work of the turbine, and the calculation equation
is shown in Equation (20):

Wout =m; X (hd — hg — l’lb + ha) (20)
The heat balance equation of the regenerator is shown in Equation (21):
hc—l’lehe—l-hf (21)

The efficiency of the heat engine cycle can be calculated by Equation (22):

e = Wout
e

(22)
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3.2. Thermodynamic Performance Evaluation Indexes

In this article, two performance indexes related to the thermodynamic performance
and thermal economic performance of the system are established, and their specific mean-
ings are shown as follows.

3.2.1. Energy Efficiency

The performance coefficient of the CO, pumped thermal energy storage cycle in this
paper can be compared with that of the conventional heat pump system. Since the energy
efficiency in this article mainly focuses on the conversion and utilization efficiency of
electric energy, and it focuses on the energy utilization capacity in the system process of
electric energy storage and release, the power consumed by pumping the working medium
and heat storage fluid is ignored. The ability to convert electrical energy into electricity
and heat and cold energy is the ability of energy utilization to measure the comprehensive
thermal performance of the system. It is defined as the ratio of the sum of the cold storage
capacity of the heat pump, the medium-temperature heat storage capacity, and the net
electric energy of the heat engine cycle output system to the total electric energy of the heat
pump cycle input system through the compressor, as shown in Equation (23):

_ Qcold + Qhot,m + Wout

Mall We (23)

3.2.2. Total UA Value

When calculating the thermal economic performance of the heat exchanger, the UA
value is usually used to represent the product of the heat transfer area and the total heat
transfer coefficient. Therefore, the UA value can also be interpreted as heat exchanger
performance. For the same fluid, when the heat exchanger model is determined, the total
heat transfer coefficient is basically determined. The greater the UA value of the heat
exchanger, the greater the heat exchange area required, the higher the cost of heat storage,
and the higher the cost of the heat exchanger [22]. This paper defines the total UA value of
the heat pump/heat engine cycle, which is the sum of the UA values of the heat exchanger
in the charge/discharge cycle. The specific calculation equation is shown in Equation (24):

UA; = UAhp + UAp, (24)

Taking the heat pump cycle heat storage process as an example, the calculation equa-
tion of the logarithmic mean temperature difference in the heat transfer process is shown
in Equation (25).

It should be noted that the logarithmic mean temperature difference here refers to
the temperature difference between the working fluid and the heat-storage fluid in the
gas cooler and gas heater, and the value of the logarithmic mean temperature difference
depends on the inlet and outlet temperatures of the working fluid and heat-storage fluid.
For the heat-transfer process in the evaporator, because it is an isothermal process, the
initial value of the heat transfer temperature difference is set to 5 °C.

AT = (Tcz' - Tﬁ: )va_igso - Twi) (25)

co— i

The equation for calculating the UA value of each heat exchanger is shown in
Equation (26):
UA = Q/ATyy (26)
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3.3. Model Validation

Based on the thermodynamic model built in this section and combined with the design
parameters of each component in reference [23], the operating parameters of the system
components in the literature were validated. The specific design parameters and values of
the system in [23] are shown in Table 1. Table 2 shows the model validation results of the
system. The error analysis index in the process of model verification is relative error x, and
its calculation method is shown in Equation (27) [24]:

Calculation values — Reference values

27
Reference values @7)
Table 1. System design parameters of the literature.
Parameter Physical Meaning Value
Ppp,i Low pressure of heat pump 1.8 MPa
Phpn High pressure of heat pump 12.2 MPa
Teom Inlet temperature of compressor 9.7°C
Tout Outlet temperature of gas cooler 5.6 °C
Py, Low pressure of heat engine 2.1 MPa
Ppe 1 High pressure of heat engine 14.4 MPa
Tiurp Inlet temperature of turbine 175.8 °C
Table 2. Relative error in system model validation.
Parameter Calculated Reference Relative
Value Value Error
Power consumption of compressor 132.12 kW 130.6 kW 1.2%
Output work of turbine 95.24 kKW 99.4 kW —4.2%
Power consumption of pump 17.36 kW 16.8 kW 3.3%
Heat storage by heat pump 358.8 kW 352 kW 1.9%
Heat consumption of heat engine 337.36 kW 336.4 kW 0.3%

According to Table 2, based on the system model established in this section and the
design parameters of the literature, the relative error of output work of the turbine in each
parameter of the system is the maximum of —4.2%, and the relative error of all parameters
is less than 5%. The above data show that the calculation error of the model established in
this paper is relatively small, and the calculation results of the model are acceptable.

4. Results and Discussion

The thermodynamic performance of the PTES system depends on the design param-
eters of the heat pump and the heat engine, so the design parameters of the heat pump
and the heat engine should be considered comprehensively when evaluating the ther-
modynamic performance of the system. In all key design parameters of the heat pump
and heat engine, four sets of design parameters are considered according to the operation
characteristics of bidirectional conversion, and the thermodynamic performance of different
sets of design parameters is comprehensively analyzed and evaluated. This section uses
the evaluation indicators proposed in Section 3.2 as the basis, and when one set of parame-
ters is investigated, the other parameters retain the default values shown in Table 3 and
the influence law of the system’s thermal performance with the changes of the following
four groups of key parameters. The thermophysical properties of the working fluid were
obtained by using REFPROP v9.1 software developed by NIST in MATLAB.
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Table 3. Main parameters and values.

Parameter Physical Meaning Value
Wc Total input power 100 kW
Nis,c Isentropic efficiency of compressor 86%
Mis,p Isentropic efficiency of pump 85%
Wis t Isentropic efficiency of turbine 88%
Tomp Ambient temperature 25°C
Py High pressure of heat pump 12 MPa
Teva Evaporating temperature of heat pump 0°C

Thot,m Medium heat storage temperature 55°C
Thoth High heat storage temperature 115°C
com Inlet temperature of compressor 20 °C
Py, High pressure of heat engine 12 MPa
Teond Condensing temperature of heat pump 25°C
Puater Water pressure 0.5 MPa
AT Heat transfer temperature difference of evaporator 5°C
Atyp Pinch point temperature difference 1°C

4.1. Critical Parameters of Heat Pump

The high pressure of the heat pump P, and the evaporating temperature Ty, represent
the key parameters of the heat pump cycle, which represents the pressure range of the heat
pump cycle operation and has a significant impact on the energy storage process, so it is neces-
sary to explore the influence of these parameters on the overall thermodynamic performance.

Figure 3 shows the results of 77, and UA,;; with respect to Py, and Teva: 77, and
UA, decrease as Py, and Ty, increase. This is because when Py, increases, the outlet
enthalpy of the compressor increases while the inlet enthalpy stays the same, and the
compressor’s work consumption and heat storage temperature increase. Since the heating
temperature of the working medium of the heat engine cycle is affected by the heat storage
temperature, the discharge energy increases, so UA,;; decreases. On the other hand, when
Teva increases, the inlet enthalpy of the compressor increases while the outlet enthalpy
remains unchanged, resulting in a decrease in the enthalpy difference between the inlet and
outlet of the compressor, further reducing the input electrical work, but the increment of
cold storage capacity is greater than the decrease in the compressor power consumption. In
addition, Teys does not affect the energy release cycle, which means that the output energy
is unchanged, and eventually 7, is reduced.

Energy efficiency UA_all (kW/K)
15
2.4 X
80 14 204.0
2.320 12 186.1
o
2.160 < 10 168.3
£ 8
2.000 g 150.4
Q
o 6
1.840 £ 1325
2 4
1.680 'e§ 5 114.6
2
1.520 g 0 96.75
o
1360 2 78.88
1.200 - 61.00
T T T 1 5
16 17 18 19 20 18 19 20
High pressure of heat pump (MPa) High pressure of heat pump (MPa)
() (b)

Figure 3. (a) The impact of heat pump parameters for 7,;;. (b) The impact of heat pump parameters
for UA,l”.
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As shown in Figure 4, the heat storage temperature increases with the increase in
the high pressure of the heat pump, but it decreases with the increase in the evaporation
temperature, because although the compressor inlet enthalpy increases, the flow rate of
the circulating working fluid decreases. When P, = 12 MPa and Tepa = —5 °C, 17, of the
system reaches the highest value of 2.43. The change trend of UA,; is the same as that of
Na11, and the minimum value of UA,; is 61.32 kW/K when Py, = 20 MPa and Tey = 15 °C

are used.
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Figure 4. (a) The impact of high pressure of the heat pump on system performance; (b) the impact of
evaporating temperature on system performance; (c) the impact of high pressure of the heat pump
on heat storage capacity; (d) the impact of evaporating temperature on heat storage capacity.

The results show that although the system performance decreases when the heat pump
pressure and evaporation temperature are increased, the economic performance of the
system can be increased. It is impossible to obtain the best economic performance and the
highest energy efficiency at the same time under the same working parameters, so those
working parameters need to be optimized to achieve a better compromise performance.
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4.2. Critical Parameters of Heat Engine

The high-pressure Py, and condensing temperature T,,,,; of the heat engine represent
the key parameters of the heat engine cycle and reflect the pressure range of the heat engine
cycle, which has a significant impact on the energy release process, so it is necessary to
analyze the influence of these parameters on the overall thermodynamic performance.

Figure 5 shows the results of #,;; and UA,; as a function of Py, and T,,,,4. It can be
seen that the change in 7,;; and UA,;; with the heat engine parameters is not simply a
linear relationship. However, the rate of change in UA,; is less than 5%, and it can be
approximated that UA,; changes little with Py, and T,,;. Therefore, this paper mainly
studies the influence of Py, and Ty, on 7,;;. When the influences of pressure and con-
densing temperature are studied separately, as shown in Figure 6, when Py, increases, 77,
increases slightly and then decreases, mainly because the change in Py, causes a decrease in
turbine inlet enthalpy, which leads to a decrease in discharge, and finally makes 177,;; show
a downward trend, reaching the highest value of 2.41 at approximately P, = 13.6 MPa.
With the increase in Py, UA,;; decreases slightly at first and then increases. Contrary to the
change trend of 77,;;, the minimum value of UA,j; at P, = 13.9 MPa is 193.9 kW /K.
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Figure 5. (a) The impact of heat engine parameters on 7,;;; (b) the impact of heat engine parameters
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Figure 6. (a) The impact of high pressure of heat engine on system performance; (b) the impact of
condensing temperature on system performance.
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According to the calculation results, since the parameters of the heat pump are almost
unaffected when the critical parameters of the heat engine are studied, the heat storage
temperature at this stage is always 119.8 °C, and the heat storage is 310.7 kW. Although
the system performance index and heat storage capacity show a nonlinear change trend
with the change in the critical parameters of the heat engine, the rate of change is less than
5%, so it can be approximated that the critical parameters of the heat engine have little
influence on the system performance.

4.3. Coupling Parameters of Charge/Discharge System

This set of parameters reflects the influence of heat storage temperature on the overall
thermodynamic performance of the energy storage/release cycle. When the evaporating
temperature is determined, the heat exchange temperature difference in the heat exchanger
determines the temperature of the cold storage medium, which affects the energy utilization
effect of the energy storage/release cycle. Moreover, the inlet temperature (superheat) of
the compressor is also one of the key factors affecting the heat storage temperature, so
it is necessary to explore the influence of these two coupling parameters on the overall
thermodynamic performance.

The effects of AT and Teom on 17, and U A,y are shown in Figures 7 and 8. It can be
seen that #,;; increases with the increase in Ty, and decreases with the increase in AT.
UA,; decreases as AT increases but is almost unaffected by Teo;. When Teop; increases,
the compressor outlet temperature increases, the heat storage increases, and the discharge
power also increases, so the energy efficiency increases. When AT increases, the cold storage
temperature increases and the heat storage temperature decreases, resulting in a decrease
in the cold storage capacity, which in turn leads to a decrease in the discharge, so the
energy efficiency 7,;; shows a downward trend. AT affects the heat exchange temperature
difference and heat exchange efficiency of each heat exchanger, so when AT increases,
UA,; decreases, and it can be seen that UA,;; decreases faster when the heat exchange
temperature difference increases within 1~5 °C.

The result shows that smaller Ty, and AT will improve the overall efficiency, but
the economic performance will be negatively affected. In order to achieve better ther-
modynamic and thermal economic performance simultaneously, it is necessary to use an
optimization algorithm to design the specific operating parameters of the system.

Energy efficiency UA_all(W/K)
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Figure 7. (a) The impact of coupling parameters on #,;; (b) the impact of coupling parameters
on UAull-
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Figure 8. (a) The impact of heat transfer temperature difference on system performance; (b) the
impact of inlet temperature of the compressor on system performance; (c) the impact of the heat
transfer temperature difference on heat storage capacity; (d) the impact of the inlet temperature of
the compressor on heat storage capacity.

4.4. Mechanical Component Efficiency of System

For a thermal system, the isentropic efficiency ;5 of the expansion/compression com-
ponents reflects the energy conversion effect. Generally speaking, the higher the isentropic
efficiency 7;;, the better the thermodynamic performance and economic performance of
the system. However, in practical engineering applications, when selecting mechanical
components according to the required capacity of the system, it remains to be determined
which of the isentropic efficiencies of the compressor and turbine has a greater impact on
the performance of the system and which should be given priority when the optimum
cannot be met at the same time.

Figure 9 shows the results of system #,;; and UA,;; changes under different #;5 ¢,y and
Nis turb- As expected, 77,y increases with #;5 ¢o, and #; 4,5, and it is easy to understand that
the higher the isentropic efficiency, the better the thermodynamic performance.

It can be calculated that the isentropic efficiency of the compressor has a greater im-
pact on the performance of the system. When the isentropic efficiency of the compressor
changes by 0.1, the energy efficiency changes by 0.35 on average, while when the isentropic
efficiency of the expander changes by 0.1, the energy efficiency changes by 0.27 on aver-
age. Therefore, the compressor with higher isentropic efficiency is given priority when
selecting components.
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Figure 9. (a) The impact of mechanical efficiency on 7,;; (b) the impact of mechanical efficiency
on UA,Z”.

4.5. Multi-Objective Optimization and Decision Making

The PTES system in this paper is the same as in most of the engineering problems; the
optimization of thermodynamic performance is a multi-objective optimization problem,
and in most cases, an improvement in one index may mean a reduction in other indexes.
It is almost impossible to achieve the optimal of multiple indexes at the same time. It
is difficult to decide the only optimal solution; instead, coordination and compromise
are made between them to make the overall goal as optimal as possible. Therefore, it is
necessary to find the Pareto solution set through multi-objective optimization and to find
a satisfactory solution through multi-objective decision so as to guide the setting of the
system operating parameters.

Since 7, and UA,;; show opposite trends, it is almost impossible to achieve the
optimal for both at the same time. Therefore, 7,;; and UA;; are considered to adopt a
multi-objective optimization algorithm to make the overall objective as optimal as possible.
A multi-objective genetic algorithm optimization with energy efficiency #,; and UA,;
as the optimization objectives is considered. For the multi-objective genetic algorithm
optimization problem, the Pareto front method of genetic algorithm (GA) is adopted [25]
to achieve the optimal scheme of balancing the energy utilization rate and total UA value.
The mathematical model of the optimization is shown in Equation (28):

f (Ph,,, Tooas Phes Teonds Teomps AT) = {maxny, minUAq, } (28)

After the completion of the multi-objective optimization, the Pareto front of the objec-
tive function is generated, which contains multiple individuals [26,27]. In order to select
the best individual, the TOPSIS decision-making method is used [28]. The TOPSIS method
is a commonly used method in multi-objective decision analysis. Its basic method is to find
out the ideal solution of each standardized objective function, judge the approximation
degree of each configuration scheme and the ideal solution, and then sort the final scheme
according to it. It was first proposed by C.L. Hwang and K. Yoon in 1981 [29]. Firstly, the
index evaluation matrix was established for the optimized population, and then the matrix
was normalized. The obtained population matrix was shown as follows:
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Energy ef ficiency Total UA value

Xy Yi
X Y,
Xy Y,

The data in the matrix are normalized, and the processing process is shown in
Equations (29) and (30):

Xj = Xi (29)
¢X%+X§+~~Xg
Y.
Y ! (30)

VR4
The normalized matrix is as follows:

Energy ef ficiency Total UA value

X Y
X5 Y
X, Yy

The ideal solution refers to the combination of the maximum values of two indexes
selected from the normalized matrix, and the non-ideal solution is a combination of the min-
imum values of two indexes selected from the normalized matrix. The calculation equations
for the ideal and non-ideal solutions are shown in Equations (31) and (32), respectively:

(Ximzx' Yigmx) = max (Xz/' Yj/ ) (31)
(Xins Yoin) = min (X, Y7) (32)

The equations for calculating the distance between each group of numbers in the
matrix after normalization and the ideal solution and the non-ideal solution are shown in
Equations (33) and (34), respectively:

Lipax = \/(Xl, - X;nax)z + (Yi/ - Yr,mzx)z (33)

Lyin = \/(Xz/ - Xrlnin)z + (Yz‘/ - Y1;1in)2 (34)

The evaluation indexes of the TOPSIS decision method are shown in Equation (35):

Lmux
M= Limax + Liin (35)

The optimal solution of the TOPSIS method is required to be closest to the positive
ideal solution, while at the same time, far from the negative ideal solution. The smaller the
evaluation index M of the optimized individual, the closer the individual is to the ideal
solution; then, the individual is the optimal individual after GA optimization.

Genetic algebra is set to 500, population size is 100, crossover probability is 0.8,
mutation probability is 0.1, and the optimal front solution set of the system is obtained
through calculation.

The Pareto diagram is shown in Figure 10. The “positive ideal point” means the
minimum value of “M”, which indicates that the distance between the individual and the
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ideal solution is the shortest. The “negative ideal point” means the maximum value of
“M”, which indicates that the distance between the individual and the ideal solution is the
longest. Each point in the optimal solution set is shown in the figure, and based on the
energy efficiency of each point and the total UA value, the distance from the ideal solution
can be calculated, and the positive and negative ideal points can be found.
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A Negative ideal point §
500 + w Positive ideal point | 5
8
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M 400 | ﬁ
? s ;
= QOdLg:éEQ
m|300 B
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) 69@9
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Energy efficiency
Figure 10. Pareto front of the result of multi-objective optimization.

Within the range of basic parameters set in Table 4, the optimal solution set is selected
by finding solutions that meet the requirements of high energy utilization and low total
UA of the heat exchanger. With the increase in energy efficiency, the total UA value also
increases gradually. The optimal decision variables after the TOPSIS decision are shown in
Table 5, and the performance index parameters of the system are shown in Table 6.

Table 4. Parameters of multi-objective optimization algorithm.

Parameter Physical Meaning Value Range
Py High pressure of heat pump 12~20 MPa
Teva Evaporating temperature of heat pump —5~15°C
Py, High pressure of heat engine 12~20 MPa
Teond Condensing temperature of heat pump 10~30 °C
com Inlet temperature of compressor 10~30 °C
AT Heat transfer temperature difference 1~10°C
Table 5. Results of multi-objective optimization decision making.
Parameter Physical Meaning Optimal Value
Py High pressure of heat pump 16.1 MPa
Teva Evaporating temperature of heat pump —0.12°C
Py, High pressure of heat engine 12.2 MPa
Teond Condensing temperature of heat pump 10.7 °C
com Inlet temperature of compressor 15.08 °C
AT Heat transfer temperature difference 3.1°C
Table 6. System performance of multi-objective optimization decision making.
Energy Total UA Thermal Storage Cold Storage Thermal Storage Cold Storage Output
Efficiency Value Capacity Capacity Temperature Temperature Electricity
239 R 382 kW 195.8 kW 136.9 °C 22°C 37.7 kW
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The data of system performance analysis are used precisely to provide the basis and
parameter design range for system optimization. In the final selection of the optimal
solution, the selection principle is to select the solution closest to the ideal point as the
optimal solution in the optimal solution set selected by the algorithm. The optimization
scheme not only can meet the requirements of thermal performance and thermal economic
performance but also be the most suitable for system operation within the set parameter
range. The optimal solution selected according to the TOPSIS decision-making method can
reflect the working condition of each point of the system when the thermodynamic and
thermal economic performances of the system are relatively excellent, which is an optimal
condition of the PTES system. It provides a pattern for the optimal working condition
design and practical application of the multiple energy storage system.

5. Conclusions

Based on the application prospect of CO, PTES in the field of renewable energy storage,
this paper constructs a multiple energy storage system, carries out system parameter analysis
and performance optimization research, and draws the following main conclusions:

(1) Through the form of the multistage compression heat pump cycle, the PTES system
achieved a cascade heat storage pattern. The system can store about 0 °C of cold
capacity, used to meet the needs of the cooling load. At the same time, it can store
approximately 50 °C medium-temperature hot water, used to provide domestic hot
water for the user side, and store the high-temperature heat above 115 °C for driving
the turbine to generate electricity. The system not only can store renewable power, but
also realize the flexible regulation of storage/release of power and meet the demand
of multiple loads of heating and cooling in different periods.

(2) Through the comprehensive analysis of the key parameters of the system, it is found
that the effect of the heat pump parameters on the system performance is greater than
that of the heat engine parameters. When Py, = 12 MPa and Tepe = —5 °C, the 17, of
the system reaches the highest value of 2.43. The change trend of UA,; is the same
as that of 7,;;, and the minimum value of UA,; is 61.32 kW/K when P, = 20 MPa
and T,,; = 15 °C are used. However, 1, and UA,;; do not show a simple linear
relationship with the change in heat engine parameters.

(3) The genetic algorithm is used to realize the comprehensive optimization of the PTES
system. In addition, the optimal solution of the Pareto front solution set is obtained
by the TOPSIS decision-making method. The optimal energy efficiency of the system
is 2.39, and the total UA value is 357.4 kW /K.

The results obtained in this paper can provide a basis for parameter analysis and
performance optimization of CO, PTES and provide ideas and schemes for renewable
energy storage and diversified utilization.

6. Future Work

The energy storage system combining cold, heat, and power generation proposed in
this article is a multistage compression heat pump energy-storage system based on the
basic principle of the PTES system. In addition to the traditional electrothermal conversion
ability, it also has the function of coupling multiple heat sources and providing multistage
heat energy. Although PTES is a system-level concept, some technical challenges relating
to materials and components remain to be overcome, and there are currently few related
system experiments and landing engineering projects. Therefore, it is worth exploring to
study the running performance and components of the system. Our future work will focus
on the establishment and testing of the test bed as well as the evaluation of operational
performance and overall optimization.
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Nomenclature
h Specific enthalpy, k] /kg
Mass flow rate, kg/s
We Input electric power, kW
Wout Output electric power, kW
Q Heat rate, kW
T Temperature, °C
Greek Symbols
AT Temperature difference, K
i Isentropic efficiency of mechanical components
Nall Energy efficiency of the system
Hhe Thermodynamic efficiency of the heat engine
Subscripts
hp Heat pump
he Heat engine
com; C Compressor
cool Cooling capacity
hot, m Medium-temperature water
hot, h High-temperature water
eva Evaporator
cond Condenser
Abbreviations
PTES Pumped thermal energy storage
UA Heat exchanger performance
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