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ABSTRACT

For heating systems based on electricity storage coupled with solar energy and an air source heat pump (ECSA),
choosing the appropriate combination of heat sources according to local conditions is the key to improving
economic efficiency. In this paper, four cities in three climatic regions in China were selected, namely Nanjing in
the hot summer and cold winter region, Tianjin in the cold region, Shenyang and Harbin in the severe cold winter
region. The levelized cost of heat (LCOH) was used as the economic evaluation index, and the energy consumption
and emissions of different pollutants were analyzed. TRNSYS software was used to simulate and analyze the system
performance. The Hooke-Jeeves optimization algorithm and GenOpt software were used to optimize the system
parameters. The results showed that ECSA system had an excellent operation effect in cold region and hot summer
and cold winter region. Compared with ECS system, the system energy consumption, and the emission of different
pollutants of ECSA system can be reduced by a maximum of 1.37 times. In cold region, the initial investment in an
air source heat pump is higher due to the lower ambient temperature, resulting in an increase in the LOCH value of
ECSA system. After the LOCH value of ECSA system in each region was optimized, the heating cost of the system
was reduced, but also resulted in an increase in energy consumption and the emission of different pollutant gases.
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Nomenclature

A Solar heat collection area, m2

Cp Specific heat capacity, kJ/(kg·oC)
Cn Maintenance cost of the system in year, CNY
CR System operation cost, CNY
f Solar guarantee rate, %
H Latent heat, kJ/kg
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h Heat exchanger coefficient, W/(m·K)
Lo Initial investment, CNY
J Conversion coefficient of pollutant emission
m Mass flower, kg/h
N System life, year
n Year within the operating life of the system, year
P Power, kW
Qd Heating supply per unit area of the heating system, kWh/m2

QH Design building heat load, MJ
Qn Heat supply of the system, kWh
q Heat storage density of PCM, MJ/kg
R Discount rate, %
ri Radius of copper pipe, m
St Average daily solar radiation, MJ/(m2·d)
SD Standard Deviation
T Temperature, oC
t Time, h
W PCM weight, kg
Z Annual cost value, CNY/year

1 Introduction

With the rapid growth of the global economy, the demand for building energy consumption is
gradually increasing. In 2018, China’s total energy consumption was about 4.5 billion tons of standard
coal, of which building energy consumption exceeded 20% [1], and heating consumption accounts for
a relatively large proportion. The use of clean energy to replace traditional fossil fuel heating is crucial
for energy savings and reducing environmental pollution. However, regional climate conditions and
building structure affect building energy demand, therefore, it is very important to find a suitable
heating scheme for buildings with different structures in different regions [2]. As a clean heating
system, solar energy has the advantages of mature technology and relatively low cost [3,4]. However,
due to intermittency, there is a mismatch between the availability of solar energy resources and the
heat demands of buildings [5].

The coupling system of solar energy and electric heating can solve the above problems. The electric
heating system includes direct electric heating, heat pump and electric heat storage. Normally, the main
form of direct electric heating is the electric heater, electric heating film and air conditioner [6–8], and
the advantage is that it is easy to control and simple to construct. However, it is expensive to run
because electricity is still an expensive source of energy under current energy structures. In contrast,
a heat pump with high electric-thermal conversion efficiency is an effective approach to achieve a
low power cost e.g., air-source heat pump [9], which uses air as a low-grade heat source, and has
the advantages of environmental protection and energy savings. In addition, the solar air-source heat
pump system can be divided into series system [10–12], parallel system [13,14] and dual heat source
system [15,16]. However, the energy efficiency of the air-source heat pump relies heavily on outdoor
environmental conditions, e.g., ambient temperature and humidity, which severely limits its application
scope. Moreover, massive electric heating during peak hours can increase the peak-load of regional
power grids, especially in densely populated areas. Therefore, the air-source heat pump is not conducive
to power grid peak clipping and valley filling.
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Electric heat storage (EHS) refers to electric heating systems equipped with heat storage devices.
The effective cost-saving approach for EHS is to make full use of time-of-use electricity rates to reduce
the average power cost [17]. The core uses a thermal energy storage (TES) device to store surplus
thermal energy produced during off-peak price periods and release the stored heat during subsequent
on-peak price periods. Heat storage methods include sensible heat storage, chemical heat storage and
latent heat storage [18]. Sensible heat storage refers to storing energy with its specific heat capacity,
such as water [19], thermal oils [20], molten salts [21], etc. However, this method possesses a large
thermal energy storage density due to the large operating temperature range, but the main drawback
is the instability of temperature during the discharge process [22]. The chemical heat storage method
uses reversible reactions, which involve absorption and release of heat under a medium range operating
temperature between 200°C and 400°C [23], and there are also some technical challenges for chemical
heat storage, for example, the material may undergo sintering during the charging process, leading to
obstruction of material rehydration during discharge [24]. The latent heat storage method utilizes latent
heat to maintain a constant temperature process during phase change [25]. Meanwhile, latent energy
storage has an overall superiority in aspects of volume, energy storage density, operation reliability,
structural compactness and cost effectiveness at the present stage [26,27]. Therefore, latent heat storage
using phase change materials (PCMs) is better suited for EHS systems. The combination of solar
energy collection systems and air-source heat pumps based on electric heat storage technology can
solve the intermittent problem of solar energy resources and achieve the purpose of power grid peak
clipping and valley filling.

In this paper, a new type of distributed heating system was introduced. The application of EHS
system with a solar heat energy system can make up for the intermittent shortage of solar energy. At
the same time, the coupling system with an air source heat pump system can form a multi-quality
clean heating system, i.e., ECSA system. Based on meteorological conditions, four typical cities in
three climate regions in China were selected for analysis. TRNSYS software was used to simulate and
analyze the system performance, and the hook-jeeves optimization algorithm and GenOpt software
were used to optimize the system parameters, and the optimal selection of the heat system in different
climate regions was proposed.

2 ECSA System Description

The ECSA system based on phase-change heat storage is shown in Fig. 1. The heating system
includes an electric heat storage system, a solar heat collection system, an air source heat pump system,
and a secondary pipe network system. The electric heat storage system includes an electric heating
boiler and PCM tank. The solar heat collection system adapts to vacuum tube collectors. To reduce
the cost of the system, the air source heat pump system shares a water tank with the solar heat collection
system. The pipe network system is mainly composed of an oil-water plate heat exchanger and a water-
water plate heat exchanger. The oil-water plate heat exchanger is used for heat exchange between the
electric heat storage system and the pipe network system, and the water-water plate heat exchanger is
used for heat exchange between the water tank and the pipe network. The operation mode is as follows:
the system uses the electric heating boiler to heat the PCM tank during the night valley power, while
the air source heat pump system heats the building. In the non-valley power period, the solar heat
collection system combined with the PCM tank is used to heat the building.
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Figure 1: Schematic diagram of ECSA system

3 Methodology
3.1 System Simulation Model
3.1.1 Building Model

The specifications of the building model are shown in Table 1. The heat obtained by solar radiation
through windows during the day, and the thermal inertia are considered in the simulation. The three-
dimensional view of the model is shown in Fig. 2. Fig. 2a shows the south and west directions, and
Fig. 2b shows the north and east directions of the building model. During the workday, the set schedule
for personnel, lighting, and office equipment is shown in Fig. 3.

Table 1: Parameters of building maintenance structural

Orientation Element Heat transfer coefficient (W/(m2·K))

1 North, South, East, West External wall 0.18
2 North, South, East, West External window 3.50
3 South External door 2.5
4 Roof 0.16
5 Floor 0.4
7 Ceiling 0.15
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Figure 2: 3D view of the building model: (a) south and west facade; (b) north and east façade

Figure 3: Operating schedules

3.1.2 PCM Tank Model

A new module named Type 211 is compiled based on FORTRAN embedded in TRNSYS. The
method is based on the effectiveness-number of transfer units (ε-NTUs) technique [28]. The main
assumptions and the governing equation are shown as follows:

The phase change process is assumed to be isothermal;

The flow pattern of the HTF is assumed to be single-pass;

The heat transfer between the PCMs and the HTF for each tube is assumed to be identical;

The potential heat convection within the PCMs is neglected;

The specific heat capacity of the PCMs in liquid and solid phases is the same;

The PCMs have no expansion during the phase change process.

For heat transfer fluid:

2rihfπ [Tf (x, t) − Tw (x, t)] = cpfmf

∂Tf (x, t)
∂t

(1)
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where ri is the radius of copper pipe, m. hf is the heat exchanger coefficient between the heat transfer
fluid and the pipe wall, W/(m·K). Tf is the temperature of heat transfer fluid, °C. Tw is the temperature
of pipe wall, °C. Cpf is the specific heat capacity of heat transfer fluid, kJ/(kg·K). mf is the mass flower
rate of heat transfer fluid, kg/h. t is the corrosion time, h.

For PCMs:

2rihfπ [Tf (x, t) − Tw (x, t)] =

⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

ρscps

(
πr2 − πr0

2
)
∂Tpcm (x, t)

∂t
Tpcm < Tm

±2πρlHrl (x, t) ∂rl (x, t)
∂t

Tpcm = Tm

ρlcps

(
πr2 − πr0

2
)
∂Tpcm (x, t)

∂t
Tpcm > Tm

(2)

where ρl is the density of liquid PCMs, kg/m3. Cps is the specific heat capacity of solid PCMs, kJ/(kg·K).
r is the shell radius, m. Tpcm is the temperature of PCMs, °C. ro is the outer radius of copper pipe, m. H
is the latent heat of PCMs, kJ/kg. rl is the melting degree of PCMs along radial direction, m. Tm is the
phase change temperature, °C. When Tpcm = Tm, take “+” during melting and “−” during solidifying.

For the boundary condition:

Tf /x=0 = Tin (t) (3)

where Tin is the inlet temperature of heat transfer fluid.

For the initial condition:

rl∗/t=0 = r0; Tf /t=0 = TPCM/t=0 = Tinitial (4)

where Tinital is the initial temperature of PCMs.

The phase change material properties included phase change temperatures, specific heat capacities,
the latent heat of melting and solidifying. The phase change parameters are presented in Table 2.

Table 2: Parameters of PCM [29]

Melting duration Solidifying duration

Tm (°C) Hm (kJ/kg) Cp (kJ/kg·°C) Tm (°C) Hm (kJ/kg) Cp (kJ/kg·°C)

112.8 262.4 3.17 109.4 1.56 260.1

3.1.3 Meteorological Data for Different Climate Regions

China has five climate regions, they are the severe cold region, the cold region, the hot summer
and cold winter region, the hot summer and warm winter region, and the mild region. The regions with
heating demand include the severe cold region, the cold region, the hot summer and cold winter region.
Buildings in the mild region and the hot summer and warm winter region need not be heated due to
the low geographical latitude. Nanjing (hot summer and cold winter region), Tianjin (cold winter
region), Shenyang (severe cold region) and Harbin (severe cold region) are selected as the typical cities
of their respective climate regions. Ambient temperature and solar radiation intensity are important
meteorological parameters for calculating building loads. The annual environmental temperatures of
different cities are shown in Fig. 4. For Nanjing, the heating season lasts for 81 days from December 15
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to March 5, and the monthly average minimum/maximum ambient temperature is −0.7°C/14.2°C. The
heating season in Tianjin lasts from November 15 to March 15, a total of 121 days, and the average
monthly minimum/maximum ambient temperature is −5.5°C/12.6°C. The heating season in Shenyang
covers 151 days from November 1st to March 31st. The average monthly minimum/maximum ambient
temperature is −16.5°C/7°C. The heating season in Harbin lasts from October 20 to April 20, for a
total of 183 days, in which the monthly average minimum ambient temperature is −22.9°C/14°C.

Figure 4: Annual ambient temperatures in different cities: (a) Nanjing; (b) Tianjin; (c) Shenyang; (d)
Harbin

3.2 System Operation Control Strategy
The operation of the solar heat collection system depends on the inlet/outlet temperature of the

collector and the temperature of the water tank, while the operation of the electric boiler and the air
source heat pump depends on the valley electricity time. The control strategy is shown in Fig. 5. When
the temperature difference between the inlet and outlet of P1 is greater than 5°C, the water pump
P1 starts, and when the temperature difference is less than 3°C, the water pump P1 closes. When the
temperature of the water tank is higher than 50°C, the water pump P2 starts; and if the temperature is
lower than 45°C, the water pump P2 closes. Meanwhile, the outlet temperature of the air source heat



1998 EE, 2023, vol.120, no.9

pump is set to 50°C. In order to meet the melting temperature requirement of PCM, the oil output
temperature of the electric heating boiler is 160°C. Electric three-way valve EV1 controls the heating
mode of the system according to the start and stop of water pump P2.

Figure 5: The diagram depicting the system control strategy

3.3 Multi-Objective Optimization Method
3.3.1 Multi-Objective Optimization Strategy

Due to the interaction between variables, it is difficult to obtain the best input variable values
for good optimization of the system, fortunately, the GenOpt optimization strategy can set the
optimization variable to solve the complexity of variables, and Fig. 6 shows the GenOpt optimization
flow chart. TrnOpt is a part of the TESS component library in TRNSYS, and can be used for
connecting TRNSYS to GenOpt.

Figure 6: GenOpt optimization flowchart
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The optimization algorithm has an important impact on results. In this study, the Hooke-Jeeves
optimization algorithm was selected, which was also known as the “step acceleration method” or
“pattern search method”. The search principle of the algorithm can be imagined as finding the
minimum value of a quadratic function to find the lowest point of the surface.

Hooke-Jeeves consists of two actions: probe movement and pattern search. Each iteration of
the optimization method alternates axial and modal movements. Among these, the purpose of axial
movement is to detect the favorable direction of descent, and that of mode movement is to accelerate
the search along a favorable direction [30].

3.3.2 Multi Objective Function

The optimization scheme adopts an annual cost method to optimize system, including the heat
production of air source heat pump, the heating power of the electric boiler and the consumption of
phase change material. The main design parameters of the system are shown in Table 3.

Table 3: Main parameters for the system simulation in different cities

Parameter Nanjing Tianjin Shenyang Harbin

Solar heat collection area (m2) 130 220 330 240
Electric boiler heating power (kW) 30 50 62 40
PCM weight (kg) 1700 3000 3500 3000
Air source heat pump heating power (kW) 20 50 150 210

For the calculation formula of solar heat collection area:

A = QH × (1 − tv) × f
St × ηcd × (1 − ηL)

(5)

where, A is the solar heat collection area, m2; QH is the design building heat load, MJ; tv is the duration
of valley electricity, h; St is the average daily solar radiation, MJ/(m2·d); f is the solar guarantee rate,
%; ηcd is the daily efficiency of collector, %; ηL is the collector heat loss rate, %.

For the calculation formula of PCM weight:

W = QH × (1 − tv)

q
(6)

where, W is the PCM weight, kg; q is the heat storage density of PCM, MJ/kg.

For the calculation formula of electric boiler heating power:

Pb = QH × 24
tv × 0.95

(7)

where, Pb is the electric boiler heating power, kW; tv is the duration of valley electricity, h; 0.95 is the
electric boiler thermal efficiency.

For the calculation formula of air heat pump heating power:

Pa = QH × K1 × K2 (8)

where, Pa is the air heat pump heating power, kW; K1 is the calculation of the dry bulb temperature
correction coefficient of local air source heat pump, kWh; K2 is the defrost correction coefficient.
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In order to prevent the indoor temperature below 20°C, the penalty rules are set, i.e., if the indoor
temperature is below 20°C after the system starts 1 h, the penalty will start, and the penalty is 5000 yuan
per hour, which will be added to the cost of the annual value function of the operating cost. Because of
the severity of the penalty, the optimization program will give up choosing equipment whose indoor
temperature is lower than 20°C.

The formula for calculating annual cost value is as follows:

Z = i × (i + 1)
n

(i + 1)
n − 1

× L0 + C (9)

where, Z is the annual cost value, CNY/year; i is the deposit interest rate, 5.5%; n is the system life,
10 years; Lo is the initial investment, CNY; C is the system operation cost, CNY/year. In this study,
penalty cost, solar collector, water tank, phase change heat storage module, electric boiler, air source
heat pump, water pump and heat conducting oil are included. The cost and service life of each piece
of equipment during the calculation process is shown in Table 4.

Table 4: Unit price and service life of equipment

Equipment Price Unit Service life (Year)

Solar collector 1000 CNY/m2 20
Electric heating boiler 200 CNY/kW 15
Air source heat pump 240 CNY/kW 20
Water tank 600 CNY/m3 20
PCM tank 3500 CNY/t 10
Pump 150 CNY/kW 20
Heat conducting oil 3000 CNY/ton 10

3.4 Analytical Method
3.4.1 Economic Analysis Method

LCOH is an index to evaluate the economic performance of ECSA system. In the whole life cycle,
the cost of generating 1 kWh of heat can be expressed by Eq. (10) [31]:

LOCH =
L0 − S0 + ∑N

n=1

Cn + Pland

(1 + R)
n + ∑N

n=1

Cn

(1 + R)
n − RV

(1 + R)
n

∑N

n=1

Qn

(1 + R)
n

(10)

where, So is the national government subsidy of the system, CNY; RV is the residual value of the
system; R is the discount rate, %; N is the operating life of the analysis system, years; n is the year
within the operating life of the system, year; Cn is the maintenance cost of the system in year t, CNY;
Pland is the land use cost of the system, CNY; Qn is the heat supply of the system in year n, kWh.

According to the provisions of the National Bureau of Statistics of China, the value of R is 3%
[2], and the land use cost of the system is not examined in this study. The residual value of the system
is zero, and there is no government subsidy. Based on this assumption, Eq. (10) can be simplified as
Eq. (11):
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LOCH =
L0 + ∑N

n=1

Cn

(1 + R)
n + ∑N

n=1

CR

(1 + R)
n

∑N

n=1

Qn

(1 + R)
n

(11)

where, the heat supply Qn was mainly provided by the solar heat collection system, the air heat pump
system, and the electric heat storage system. In this study, the annual maintenance cost of the system
was 1% of the initial investment. The system operation cost CR was mainly generated by the circulating
water pump in the solar heat collection system, the electric boiler and oil pump in the electric heat
storage system, and the circulating water pump in the secondary pipe network system.

CR = CRSC + CREHS × CRSP (12)

CRSC =
∫ n=nsc

n=0

PSC × ϕSndn (13)

CrEHS =
∫ n=nEB

n=0

PEB × ϕSndn +
∫ n=nEB

n=0

POP × ϕSndn (14)

CrSP =
∫ n=nSP

n=0

PSP × ϕSndn (15)

where, PSC is the power of circulating water pump in the solar heat collection system, kW; PEB is the
heating power of electric boiler in the electric heat storage system, kW; POP is the power of oil pump in
the electric heat storage system, kW; PSP is the power of circulating water pump in the secondary pipe
network system, kW; ϕn is the operating electricity charge, CNY/kWh. The peak and valley electricity
prices of different cities are shown in Table 5.

Table 5: Time-of-use electricity price in different cities

City Valley electricity Flat electricity Peak electricity

Time Price
CNY/kWh

Time Price
CNY/kWh

Time Price
CNY/kWh

Nanjing 00:00–08:00 0.312 08:00–00:00 0.637

Tianjin 23:00–07:00 0.370
07:00–09:00

0.700
09:00–12:00

0.99012:00–14:00 14:00–19:00
19:00–23:00

Shenyang 22:00–05:00 0.385
05:00–08:00 0.730 08:00–11:00

1.076
11:00–17:00 17:00–22:00

Harbin 22:00–08:00 0.280 08:00–22:00 0.560

3.4.2 Environmental Analysis Method

In this study, the environmental analysis focuses on the emissions of carbon dioxide (CO2), sulfur
dioxide (SO2) and nitrogen oxides (NOX). CO2 is the main factor causing global warming, while SO2

and NOX are easily induced by haze and acid rain. The calculation and definition of pollutant gases
produced by the heating system is as follows [32]:
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Mem = J × PEC (16)

where, Mem is pollutant emission, kg/m2; J is the conversion coefficient of pollutant emission, as shown
in Table 6 [33]. PEC is the primary energy consumption, kg/m2.

Table 6: Emission conversion factors of fuel

Pollutant emission coefficient Standard coal (kg/kg)

CO2 2.493
SO2 0.075
NOX 0.0375

The primary energy consumption of the system is defined as follows:

PEC = 3.6 × Qd

LVHSC × 0.35 × 0.92 × 0.99
(17)

where, LVHSC is the low calorific value of standard coal, 29.307 MJ/kg; Qd is the heating supply per unit
area of the heating system, (kW·h)/m2; 0.35 is the national thermal power generation efficiency, 0.92
is the transmission efficiency of power network; and 0.99 is the thermoelectric conversion efficiency.

4 Result and Discussion
4.1 Building Heat Load

Fig. 7 shows the daily heat load of buildings in each city during the heating period. The x-axis
represents the number of days in the heating period. Compared to the other three regional cities, the
variation in daily heat load in Nanjing had little fluctuation. The maximum heat load was 885.9 kWh
and the minimum value was 188.4 kWh. The standard deviation (SD) was 152.6 kWh. The variability
of daily heat load in Harbin fluctuated greatly. The maximum and minimum heat loads were 1649.5,
and 123.7 kWh, the SD was 369.9 kWh. The other two cities were relatively stable, i.e., the SD was
small.

Figure 7: (Continued)
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Figure 7: Daily heat load in different cities: (a) Nanjing; (b) Tianjin; (c) Shenyang; (d) Harbin

4.2 Results of Economic Analysis
The system parameters after adopting the multi-objective optimization strategy are shown in

Table 7. Fig. 8 shows the LOCH values of different heating systems in different cities.

Table 7: Optimized main parameters for the system simulation in different cities

Parameter Nanjing Tianjin Shenyang Harbin

Solar heat collection area (m2) 112 156 228 175
Electric boiler heating power (kW) 28 32 42 22
PCM weight (kg) 1100 1600 2300 1200
Air source heat pump heating power (kW) 14 32 85 70
P1 flow (kg/h) 3200 7000 9600 7500

Figure 8: (Continued)
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Figure 8: LOCH in different cities: (a) Nanjing; (b) Tianjin; (c) Shenyang; (d) Harbin

During the heating period, the LOCH values of ECS system in descending order were Harbin,
Shenyang, Nanjing, and Tianjin. It can be concluded that the economy of ECS system was relatively
good in the cold region, and the LOCH value of Harbin was lower than that of Shenyang. This
was because the parameters of the solar heat collection system and the amount of phase change
material were determined by the heating quantity required during the non-valley electricity period
of the building, and the longer the valley electricity period was, the less amount of PCM was.

For ECSA system, the air source heat pump system improved the LOCH value in the cold region,
but in the hot summer and cold winter region of Nanjing and the cold winter region of Tianjin,
the LOCH value decreased. Because the ambient temperature in the severe cold region was low, and
the power design of the air source heat pump system was relatively high, the initial investment of the
system was high. At the same time, in the cold region, the COP of air source heat pump system was
low, resulting in increased operation cost. From an economic point of view, ECS system was more
suitable for the cold region. Under the condition that the indoor temperature is not lower than 20°C,
the optimized OECSA system has a significantly low LOCH value in different cities, as it can reduce
heating waste while reducing the construction and operating costs of the system.

4.3 Result of Energy Consumption Analysis
Fig. 9 shows the energy consumption per unit area of different heating systems in different cities.

The descending order was Nanjing, Tianjin, Shenyang, and Harbin. The reason is that for the same
heating area, energy consumption in the cold region was relatively high. Nanjing in the hot summer
and cold winter region had the lowest system energy consumption, and followed by Tianjin in the
cold region. The energy consumption of Shenyang in the severe cold region was lower than that of
Harbin, Shenyang had the shortest power supply time, the largest solar collector area, and the largest
proportion of clean energy in heating.

For ECSA system, the energy consumption of each city reduced. Nanjing had the best effect,
which reduced the system energy consumption by 57.88%, while Harbin had the worst effect, which
reduced energy consumption by 9.44%, while the energy consumption of Shenyang was reduced by
54.21%. This was because the COP of air source heat pump decreased with the decrease in the ambient
temperature. The mean temperature difference between day and night in Harbin was 36.9°C, and the
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mean minimum value was −22.9°C. While the mean temperature difference between day and night in
Shenyang was 23.5°C, the mean minimum value was −16.5°C. The low temperature environment
in Harbin resulted in an average COP of air source heat pump system of 0.51, while the average COP
in Shenyang was 2.3. Therefore, ECSA system cannot reduce the energy consumption in the severe
cold region north.

Figure 9: Energy consumption in different cities: (a) Nanjing; (b) Tianjin; (c) Shenyang; (d) Harbin

The average COP in Nanjing and Tianjin was 3.0 and 2.7, respectively. From the perspective of
energy consumption, ECAS system was more suitable for the hot summer and cold winter region and
the cold region. In order to reduce the heating cost of the system and the initial investment of the
system, the solar heat collection area, electric boiler heating power, PCM weight and air source heat
pump heating power were reduced. The solar collector area of Shenyang and Tianjin decreased the
most, which led to an increase in energy consumption of the electric heat storage system.

4.4 Result of Environment Analysis
Figs. 10–12 show CO2, SO2 and NOX emissions per unit area of different heating systems in

different cities, respectively. For ECS system, the emissions of different pollutants from small to large
were as follows: Nanjing, Tianjin, Shenyang, Harbin. For the OECSA system with an air source heat
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pump system, different pollutant gas emissions from small to large were in order: Nanjing, Shenyang,
Tianjin, Harbin. It is worth noting that the emissions of different pollutants in Harbin reduced the
least, only by 5.86%. This was because the low night temperatures in Harbin were not conducive to
the operation of air source heat pump system, resulting in low COP and high energy consumption.
From an environmental perspective, the ECSA system was more suitable for Nanjing, Shenyang, and
Tianjin. For the optimized OECSA system for different cities, the emissions of different pollutants
increased for Shenyang and Tianjin, while decreased for Harbin and Nanjing.

Figure 10: CO2 emission in different cities: (a) Nanjing; (b) Tianjin; (c) Shenyang; (d) Harbin
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Figure 11: SO2 emission in different cities: (a) Nanjing; (b) Tianjin; (c) Shenyang; (d) Harbin

Figure 12: (Continued)
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Figure 12: NOx emission in different cities: (a) Nanjing; (b) Tianjin; (c) Shenyang; (d) Harbin

5 Conclusions

In this study, the technical and economic analysis of ECSA system based on phase change
heat storage was studied from the perspectives of system energy consumption, CO2 emissions, SO2

emissions, NOx emissions, initial investment costs, operating investment costs, etc. Based on the
Hooke-Jeeves optimization method, the multi-mesh optimization of the system was carried out, and
the application effects of ECSA system and ESC system before and after optimization were compared
in Nanjing, Tianjin, Shenyang, and Harbin, which provided guidelines for the application of the system
in different regions. The main conclusions are as follows:

The economic analysis showed that ECS system of solar coupled electric heat storage was suitable
for application in the severe cold region, while ECSA system combined with air source heat pump
increased the heating cost in the severe cold region.

From the perspective of energy consumption, ECSA system was suitable for the hot summer and
cold winter region and the cold region.

The application of ECSA system can reduce CO2, SO2 and NOx emissions, which is conducive to
environmental protection. However, the decrease in the heat supply of the solar heat collection system
and the increase in electric heat storage system in the OECSA system of Tianjin and Shenyang led to
an increase in the emissions of different pollutant gases.
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