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Abstract: Public buildings exhibit the highest operational energy consumption and contribute the most to carbon emissions
compared to other types of building. The electrification of energy terminals in public buildings is crucial for the energy
conservation and emission reduction, especially the energy-saving retrofitting of heating systems. Given the significant impact
of climate on the performance of air-source heat pumps, this study explored the performance and energy efficiency of air-
source heat pump systems in public buildings across different climate zonings. Using Design Builder software, the physical
models of three types of public buildings (commercial, hotel, and office) were constructed, and the annual variations in the
building load was analyzed. Considering the effects of defrosting and low-temperature conditions, an air-source heat pump
heating system models were developed using TRNSYS software. The simulation results showed that the average COP of the
heat pump system on the coldest day in Harbin, Beijing, and Shanghai were 1.7, 2.46 and 2.49, respectively. Moreover, the
analysis factor correlation analysis reveals that the COP of the heat pump system is positively correlated with the dry-bulb
temperature, negatively correlated with the building load. Surprisingly, the COP is not affected by the types of public buildings.
The findings of this study are expected to provide valuable guidance for the application and regulation of air-source heat pumps
in the public buildings.
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1. Introduction

As of 2021, public buildings had the highest operational energy consumption intensity among all building
types. Although the total area of public buildings is only 14.7 billion square meters, much smaller than that of
urban and rural residential buildings, public buildings account for the largest proportion of total operational energy
consumption in China, approximately 34.7%, amounting to 386 million tons of standard coal equivalent.
Correspondingly, the carbon emissions from the operation of public buildings also constitute the highest proportion
of total building operational carbon emissions, approximately 32.7%, reaching 720 million tons of CO; [1].
Accelerating the adjustment of the energy structure, increasing the proportion of clean energy, promoting
electrification, and reducing the dependence on fossil fuels are effective ways to achieve the “dual carbon” goals
[2]. The electrification of building energy terminals is a key measure to reach these goals, especially in enhancing
the electrification level of the heating in public buildings.

In recent years, air-source heat pumps, as an efficient and energy-saving clean heating technology, have
effectively utilized low-grade energy from the ambient air, thereby conserving the higher-grade energy sources
[3-6]. They are currently widely used in regions with hot-summers and cold-winters in China, such as the Yangtze
River Basin and its southern areas [7]. In the northeastern and northwestern regions, the growth and potential for
air-source heat pumps are substantial due to coal policy restrictions and increasing coal prices [8]. Researchers
have conducted extensive studies on the factors affecting the performance of air-source heat pumps and their
application strategies [9,10].

The air-source heat pump is prone to frosting at low ambient temperatures, which can significantly impair its
operating performance. Integrating the air-source heat pump with other energy systems or optimizing the
circulating system can effectively enhance system performance. Xu et al. [11] investigated the impact of climate
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conditions on the frost formation in air-source heat pumps and proposed a characterization parameter, namely the
hours of the frost formation. By analyzing the hours of the frost formation under various characteristic temperature
differences and combining the frost characteristics of different types of air-source heat pumps, the climate division
for China was conducted to provide a reference for the climate-adaptive design and defrost control strategies for
air-source heat pumps. Wu et al. [12] experimentally tested the long-term performance of an air-source heat pump
system under cold climate conditions. The experimental data showed that the system coefficient of performance
(COP) is highly correlated with the outdoor temperature. When the supply water temperature increased by
approximately 6 <C and the outdoor temperature was around —5 <C, the corresponding COP decreased by 14.2%.
Additionally, the relative humidity had a minimal impact on the system COP. Wu et al. [13] constructed a heating
system combining an air-source heat pump with a water storage tank and conducted a long-term performance
monitoring in an actual building in Beijing. The coupled system allowed the air-source heat pump to operate
continuously at higher ambient temperatures. The results revealed that, compared to the continuous operation, the
daily average COP of the air-source heat pump increased by 14.0% and the SCOP increased by 26.1% on the
coldest days. Long et al. [14] proposed a hybrid combined heating system integrating the solar hot water with an
air-source heat pump, and analyzed its energy efficiency during the cold season. The results indicated that the solar
radiation intensity and the ambient temperature were the crucial factors affecting the energy efficiency of various
connection methods within the combined system. Changes in the return water temperature had the greatest impact
on the series configuration and the least impact on the parallel configuration. By switching the connection method
between solar heat water (SHW) and air-source heat pump (ASHP) based on outdoor weather conditions, the
HSAHP combined with the heating system can achieve significant energy-saving benefits.

In general, the research on the air-source heat pump mainly focuses on its design optimization, environmental
applications, and integration with other heating methods, primarily in residential buildings [15-20]. There is a lack
of research concerning its use in the heating system of public buildings. The application of ASHP in public
buildings significantly differs from the residential settings in terms of building load magnitude, hourly load
variation, and system operation times. Additionally, the ASHP is commonly used as single units in residential
buildings, whereas large public buildings typically require simultaneous use of multiple units. Moreover,
importantly, in low-temperature environments, the performance of ASHP may decline significantly due to frost
formation. Furthermore, the performance of air-source heat pump systems exhibits significant variations under
different building types and climate zonings. Therefore, it is imperative to explore the suitability and actual
performance trends of ASHPs in different public building types across different climate zonings in China.

In this study, to explore the effects of building types and climate zonings on the performance of air-source
heat pumps, the representative cities (Harbin, Beijing, and Shanghai) were selected for severe cold, cold, and hot-
summer and cold-winter regions, respectively. The physical models of three typical types of public buildings
(commercial, hotel, and office) were constructed using Design Builder software to analyze the annual variations
in the building load. Considering the effects of defrosting and low-temperature conditions, the air-source heat
pump heating system models were developed using TRNSYS software. By utilizing annual hourly load data from
three types of public buildings in the three representative cities, the operational characteristics and performance
influencing factors of air-source heat pump systems on the typical days (hottest day, moderate-temperature day,
and coldest day) were simulated and analyzed. The findings of this study are expected to provide effective guidance
for the application and control strategies of air-source heat pump systems in public buildings.

2. Model Development of Air Source Heat Pump System

2.1. Selection of Typical Cities

There is a vast territory with significant climate differences across various regions in China, which can be
classified into five climate zones: severe cold, cold, hot-summer and cold-winter, hot summer and warm winter,
and mild regions. The air-source heat pump is primarily used for the heating in low-temperature areas, with the
heating performance greatly influenced by outdoor climate parameters. Therefore, this study focuses on the severe
cold, cold, and hot-summer and cold-winter zones. The climatic features of severely cold regions are
predominantly characterized by extremely cold and prolonged winters, significant annual and daily temperature
variations, with the temperature in winter frequently dropping below —10 <C. In cold regions, the climate is
characterized by cold and dry winters, accompanied by large annual and daily temperature differences. The
temperature in winter typically ranges from =10 <C to 0 <C, with a considerable number of days where the daily
average temperature is lower than 5 <C. On the other hand, the climatic features of hot-summer and cold-winter
regions are more intricate, featuring sultry and humid summers and chilly and dry winters. The temperature in
summer often exceeds 30 <C, while the temperature in winter may dip to around 0 <C. The comprehensive
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investigation identifies the representative cities for these three climate zones as Harbin, Beijing, and Shanghai,
respectively. The heating durations for these three cities are shown in Table 1.

Given the diverse types of public buildings, this study selects three typical categories as the research subjects:
commercial, hotel, and office buildings. Referring to the actual building information provided by China
Architecture Design and Research Group, the physical model of typical public buildings: commercial, hotels, and
office buildings were built based on the Design Builder software, as shown in Figure 1. The office building has a
floor-to-ceiling height of 7 stories, a total building height of 30.6 m, and a total floor area of 9280 square meters.
The primary room functions include office spaces and meeting rooms. The hotel building comprises a 3-story low-
rise section and a 15-story high-rise section, with a total building height of 52.5 m and a total floor area of 34,000
square meters. The main room functions encompass dining, lodging, and various other facilities. The commercial
building has a floor-to-ceiling height of 4 stories, a total building height of 23 m, and a total floor area of 135,000
square meters. The key functions include retail, dining, supermarkets, and cinemas. The annual hourly heat load
variations for three Harbin, Beijing, and Shanghai public buildings were simulated and analyzed. The resulting
load data served as the input parameters for the operation simulation of air-source heat pump system.

Table 1. The heating durations for three typical cities.

Climate Zonings City Heating Condition Heating Duration
Severe cold Harbin Tave <5°C 10.17~04.10
Cold Beijing Tave <5°C 11.12~03.14
Hot-summer and cold- Shanghai Tae <8°C 12.05~03.07
winter
a ) = b
S
e
S
o

Figure 1. The model diagrams constructed using design builder: (a) Office building; (b) Hotel building; (c)
Commercial building.

2.2. Air-Source Heat Pump System Model

The TRNSYS software can perform the transient energy consumption simulations for systems, featuring high
visualization capabilities and good openness, which is widely used in multi-zone building models and HVAC
systems [21]. As shown in Figure 2, the air-source heat pump heating system model is constructed based on the
TRNSYS software. The system comprises an air-source heat pump circuit (red loop) and a terminal heating circuit
(purple loop). The red loop section comprises an air-source heat pump module, a buffer tank, a heat pump-side
circulating pump, and a heat pump quantity control module. Specifically, the buffer tank collects the heat output
from the air-source heat pump module for the terminal heating. Through a comprehensive feedback mechanism,
the control module adjusts the number of operating heat pumps based on the hourly heat load, the stored heat in
the buffer tank, and the output heat of air-source heat pump. By contrast, the purple loop section includes a buffer
tank, supply and return piping, a terminal heating module, and a load-side circulating pump. The buffer tank is
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controlled by adjusting the water pump speed to provide the heat to the terminal heating module, thereby satisfying
the real-time building load. Additionally, switching the two blue lines completes the switching of the cooling and
heating cycles.
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Figure 2. The air-source heat pump heating system.

The air-source heat pump heating system model is established using TRNSYS software, which utilizes
various standard components to form a complete loop and generate data output. In the simulation and analysis of
heating system, the specific modules are invoked to record data. The simulations are conducted under given input
conditions, and the numerical results are collected through the output module. The main standard components
involved in the air-source heat pump heating system model used in this study are listed in Table 2.

Table 2. Standard components selected in the TRNSYS model for this study.

Type Component Name Type Component Description
Type941 Air-source Heat Pump Typel65 Controller
Typel58 Thermal Storage Tan Type515 Seasonal Schedule
Type673 Energy Rate Control Load Typeldh Time Forcing Function
Typellf Diverter/Mixer Valve Type9e General Data File Reader
Typell0 Circulation Pump Typel5-3 Energy Climate File
Type3l Circulation Pump Type65c Online Plotter
Type24 Integrator Type46a Output

2.3. Correction Method for Low Temperature and Defrosting of Air-Source Heat Pumps

To analyze the variable condition performance of air-source heat pumps, this study utilizes performance
fitting equations that account for the effects of low temperatures and defrosting to reflect the decay in the heating
capacity and input power of air-source heat pump. To analyze the performance of air source heat pump under
variable operating conditions, the performance fitting equation considering the effect of low temperature and
defrosting on heat pump heating capacity attenuation is adopted in this paper.

(a) Heating capacity correction of the air-source heat pump for low-temperature

The heating capacity of the air-source heat pump on variable operating conditions is positively correlated
with the outdoor temperature and negatively correlated with the outlet water temperature of the condenser. The
correction coefficient equation for the heating capacity on variable operating conditions is as follows [22].

+at +agttoa T Ao )

a-out,a

Kl = a1 + azta + aGtout,a
where K; denotes the correction coefficient of heat produced by heat pump under low-temperature condition; a;-as
represents the fitting coefficients; t. denotes the outdoor temperature, <C; toua denotes the condenser outlet water
temperature, <C.

(b) Heating capacity correction of the air-source heat pump for defrosting

Defrosting in the air-source heat pumps generally involves a reverse heating cycle, which reduces the heating
capacity of the heat pump. When the temperature is below 7 <C and above 7 <C, the correction factors for the
heating capacity during the defrosting are as follows [7].

t.<7 <, K, =1+0.0027(t, —7) —0.1801exp(-t,” /5) @)

t.>7 T, K, =1-0.1801exp(-t,” /5) ©)

where K is the correction coefficient of heat produced by heat pump under defrosting condition.
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(c) Input power correction of the air-source heat pump for low-temperature
The input power of the air-source heat pump on the variable operating conditions is influenced by both the
outdoor temperature and the outlet water temperature of the condenser. Therefore, the fitted equation for the input
power of the air-source heat pump on variable operating conditions is as follows.
2
K;=b +bt, +bt . +bt +hbtt

a-out,a

2
out,a + bﬁtout,a (4)

where Kj represents the correction coefficient for the variable operating condition input power of the air-source
heat pump; bi~bs represent the fitting coefficient.

2.4. Performance Characterization Parameters of Air-Source Heat Pump

To evaluate the performance of air-source heat pumps under different setting parameters, three performance
indicators are introduced: daily average load, daily average COP, and maximum load. The daily average load (Qu-
ave) IS calculated with Equation (5), expressed as the arithmetic mean of heat loads during all working hours of the
day. The daily average COP (COP.y) is determined by Equation (6), which represents the arithmetic mean of the
COP during all working hours of the day when the heat pump is operating normally. The maximum load occurs
at the time point with the maximum absolute value of load during the calculation day.

2
QH —ave Z QH (%)
h-1
2
COP,,, =Y _COP, ©)
h-1

where Qu-ave IS the daily average load, and Qu is the hourly heat load. COPa is the average coefficient of
performance, and COP is the hourly coefficient of performance.

2.5. Selection of Air-Source Heat Pumps

Considering the building load magnitudes in severe cold, cold, and hot-summer and cold-winter zones, the
variable frequency air-source heat pump with the heating capacity of 165 kW from Midea is selected. Its
performance and design parameters are listed in Tables 3 and 4. Based on the data provided by the manufacturer
regarding the outlet water temperature, heat output, and input power of the heat pump under different outdoor
ambient temperatures, the aforementioned performance fitting equations are employed to fit the actual
performance data. The fitting results yield the heat output correction coefficient K; and input power coefficient K
of the heat pump under different outdoor ambient temperatures and outlet water temperatures. The correction
coefficients for low temperature and defrosting are calculated using Equations (1-4), which are listed in Table 5.

Table 3. The performance parameters of air-source heat pump.

Operation Modes Parameters Unit Value
Nominal heating capacity kW 110
Nominal heating mode Nominal Heating power kW 41.98
Water flow rate m3/h 18.90
COP 2.62
Nominal cooling capacity kW 142
Nominal cooling mode Nominal cooling power kw 41.89
Water flow rate mi/h 24.42
COP 3.39
Low-temperature heating capacity kw 90
Low-temperature heating Low-temperature heating power kw 50.1
mode Water flow rate mi/h 18.6
COP 1.8
Rated heating capacity kw 165
. Rated heating power kw 44.35
Rated heating mode Water flow rate mi/h 28.5
COP 3.72
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Table 4. Design parameters for supply/return water temperature of air-source heat pump heating system in different
climate zones.

Climate Zones Sever Cold Cold Hot-Summer and Cold-Winter

Supply/return water
temperature 38/33 C 41/36 <C 45/40 <

Table 5. Correction and Fitting Coefficients for Variable Operating Condition Heating Capacity and Input Power.

Coefficients K1(x10™) Coefficients Ks (x107)
a 7001.3 b: 7938.6
a 133.2 b2 -13.3
as 89.8 b3 —142.5
a —1.45 b4 -0.22
as 0.36 bs 0.73
as -1.25 bs 4.96

3. Dynamic Operating Characteristics of Air-Source Heat Pump Systems

3.1. Distribution Characteristics of Annual Hourly Dynamic Heat Load

To compare and analyze the hourly heat load distribution patterns throughout the year for three regions,
Figure 3 presents the annual load and outdoor dry-bulb temperature variation curves for commercial buildings in
Harbin, Beijing, and Shanghai. Clearly, the building load is closely correlated with outdoor dry-bulb temperatures,
exhibiting different trends across the three regions. In Harbin and Beijing, with lower outdoor temperatures, the
building heat load reaches the peak during the middle of heating duration. In contrast, the building load in Shanghai
shows a more moderate variation throughout the year. Regarding the heat load data, the building load in Harbin
are significantly higher than those in Beijing and Shanghai. The maximum heat load for commercial buildings is
9335.78 kW, with an annual average heat load of 1465.06 kW.

30 10000
Dry-bulb temperature
Heat load
20+
2 0|
E’ 10+ || }
E -
5 OWI‘I‘N\I WMM z
LT :
%'10 | ‘H 4000-:5
£ 20
a
2000
- LI \
0 \\“In ||HH|| ‘\IHH‘H ” “ HIIH‘HMH“MI il
500 1000 1500 2000 2500 3000 3500 4000
Heating time (h)
(@)
30 8000
Dry-bulb temperature
Heat load L7000
204
g ’ L6000
Ml il i "p g
HMM I M L i l) Il *J
E l’ 3(}00§
7 -10+ T
[
) F2000
=204 }
R HV ™
0 Wi IJ”” A i

0 300 600 900 1200 1500 1800 2100 2400 2700
Heating time (h)

6 of 14



Green Energy Fuel Res. 2024, 1(1): 39-52 https://doi.org/10.53941/gefr.2024.100005

(b)
30 4000
~——— Dry-bulb temperature
Heat load r
g?m’ \' +3200
S0 w I |$n h \"' | |h ”‘l | *‘ L24oo§
. uJ (i I e 0%
g U ”u u, “”I M“”‘H m# Ul“ {h‘l lu‘ “ és
< 0] ' 1600
= il o
I
.10 F800
ol ’|||n||||i|hI“lnl.H“l“|||||I|||||H|nh|| hlhnln |.|]’III|||| LT
0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200
Heating time (h)
(c)
Figure 3. Annual hourly load variations of commercial buildings across different regions: (a) Harbin, (b) Beijing,

(c) Shanghai.

3.2. Impact of Outdoor Dry-Bulb Temperature on the Heat Pump Operating Characteristics

The performance of the air-source heat pump systems is significantly influenced by the outdoor
meteorological parameters. Focusing on the commercial buildings in Beijing, the impact of outdoor dry-bulb
temperatures on the operating characteristics of air-source heat pump systems is investigated in this section. Based
on the outdoor temperature data during the heating duration in Beijing, the coldest day (—=11.7 <C), the hottest day
(0.6 ), and the moderate-temperature day (a day with average temperature during the heating period, —6.3 <C)
were selected for the performance analysis. As shown in Figure 4, the variation trends in the operating units and
the system COP of air-source heat pump system on three typical days were simulated.

The results show that the operating unit of heat pump closely follows the variation trend of the building load.
As shown in Figure 4a, on the coldest day, to ensure that the indoor temperature in the office buildings does not
drop below 5 <C, there is still a low heat load during the non-working hours. However, as shown in Figure 3b, the
heat pump system does not need to operate because the thermal storage tank is sufficient to meet the building's
heating demand. Additionally, from Figure 4d, f, on the moderate temperature day and the hottest day, there are
1-2 h of temporary shutdown for the heat pump system. This is because the thermal storage tank can meet the
heating demand during the durations. Subsequently, as the building load increases, the stored heat in the tank
becomes insufficient to meet the demand, causing the heat pump system to restart. During peak load periods on
three representative days, the heat pump system needs to operate 39, 17, and 3 units, respectively, to meet the
heating demand on the coldest, moderate-temperature, and warmest days. Additionally, the daily average COP of
the heat pump system decreases with the decline in the average temperature of the typical days, being 3.1, 2.8 and
2.5, respectively.
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Figure 4. Variation of building load: (a) Coldest day; (c) Moderate-temperature day; (e) Hottest day, and heat
pump system operating characteristics: (b) Coldest day; (d) Moderate-temperature day; (f) Hottest day.

3.3. Impact of Climate Zonings on the Heat Pump Operating Characteristics

In the different climate zonings, the setup requirements for air-source heat pump systems vary, including
aspects such as supply/return water temperatures, defrosting, and low-temperature corrections, all of which can
impact the overall performance of the heat pump system. Therefore, this section will analyze the working
characteristics of an air-source heat pump system in the office building under three different climate zonings, with
a focus on its performance on the coldest day. As shown in Figure 5, the heat load of office buildings exhibits two
peak values, occurring at the beginning and end of the working hours, mainly influenced by the trend of outdoor
temperature changes. Additionally, in Harbin, the lower outdoor temperatures at night result in a minimal heat
load required to maintain indoor temperatures above 5 <C during non-working hours.

The operating characteristics of the heat pump system vary significantly across the three cities. In Harbin,
the heat pump system operates during both working and non-working hours, with up to 15 units running at peak
times. During the certain non-working periods, 1-3 units are still required to maintain the heating demand. The
hourly fluctuations in the system COP are more pronounced in Harbin compared to Beijing and Shanghai, with a
daily average COP of 1.7. In Beijing, due to the smaller heat load, the installation of thermal storage tank allows
the heat pump system to operate only during the certain working hours (7 AM to 1 PM), with a maximum of 3
units running. The daily average COP of the heat pump system in Beijing is 2.46, slightly lower than that in
Shanghai, which is 2.49.
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Figure 5. Variation of building load: (a) Harbin; (c) Beijing; (e) Shanghai, and heat pump system operating
characteristics: (b) Harbin; (d) Beijing; (f) Shanghai.
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3.4. Impact of Public Building Type on the Heat Pump Operating Characteristics

The office, hotel, and commercial buildings differ significantly regarding building area, operating hours, and
building load. Focusing on the moderate-temperature day in Shanghai, the impact of public building types on the
operating characteristics of air-source heat pump systems is discussed in this section. As descripted in Figure 6,
the heat load variation trends of the three types of public buildings show differences in both the load magnitude
and heating duration. On moderate-temperature days, the peak load for the office, hotel, and commercial buildings
are 70 kw, 1050 kW, and 900 kW, respectively. Additionally, the hotel buildings have the heat load almost 24
hours on moderate-temperature day.

The variation in the operating unit number of heat pump in the hotel building closely aligns with the changes
in the building load, with brief periods of shutdown observed. In contrast, with the assistance of the thermal storage
tank, only a few heat pumps need to operate in office and commercial buildings during the certain periods to meet
the heating demand. The daily average temperatures on the moderate-temperature days are 1.38 <C for the office
building, 2.83 <C for the hotel, and 4.07 <C for the commercial building. The daily average COP of the heat pump
systems for the office, hotel, and commercial buildings are 2.76, 2.88, and 3.09, respectively. Thus, it can be
inferred that the COP of the heat pump systems in different public buildings will exhibit slight differences when
the outdoor temperatures are similar.
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Figure 6. Variation of building load: (a) Office; (c) Hotel; (¢) Commercial, and heat pump system operating
characteristics:(a) Office; (c) Hotel; (¢) Commercial.

4. Correlation Analysis of Factors Affecting Heat Pump System Performance

The previous analysis of air-source heat pump heating systems reveals that the dry-bulb temperature
significantly affects the system's COP. The building load also affects the system COP, while the building type has
a negligible influence on the system COP. To validate the impact of these factors on the system COP, a correlation
analysis is required. In this analysis, the dry-bulb temperature, building load, and COP are continuous variables,
whereas the public building type is a categorical variable.

For the correlation analysis between the continuous data, Pearson correlation coefficient is used when the
data sets of two variables satisfy the normal distribution and show a linear relationship. Spearman correlation
coefficient is used when the data sets do not satisfy the normal distribution and linear relationship but show a
monotonic relationship. The Pearson and Spearman correlation coefficients are calculated based on Equations (7)
and (8), respectively. A one-way analysis of variance (ANOVA) is used to analyze the correlation between
continuous data and unordered categorical data.

n_ D (X =X)(Y-Y)

= — — 7
where R represents the correlation coefficient, and X and Y are the means of the variables X and Y,
respectively.
6) d?
n(n°-1)

where Rs represents the correlation coefficient, d is the difference in ranks between two variables, and n is the
sample number.

The Pearson and Spearman correlation coefficients range between —1 and 1, with the values closer to —1 or
1 indicating a stronger correlation. When the coefficient is above 0.5, the variables are positively correlated. When
the coefficient is below —0.5, they are negatively correlated. The significance of both correlation coefficients is
determined by a p-value below 0.05, indicating a significant correlation between the variables. In one-way
ANOVA, the F-value represents the ratio of between-group variance to within-group variance, indicating the
extent of the factor influence on the dependent variable. A larger F-value suggests greater significance of
differences between groups and smaller significance within groups. A significance level of p-value below 0.05
indicates the significant differences between the different categories of the dependent variable, thereby
demonstrating a correlation between the two variables.

The data on the dry bulb temperature, building load, and the COP of air-source heat pump systems for three
types of buildings in different regions on the typical days are shown in Table 6. According to the correlation
analysis, the Pearson correlation coefficient between the dry-bulb temperature and COP is 0.924, with a p-value
of 8.67 %1076 below 0.05. The Spearman correlation coefficient is 0.941, with a p-value of 1.59 <1077 below
0.05. It indicates that the correlation between the dry-bulb temperature and COP is significant and positively
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correlated. The Pearson correlation coefficient between building load and COP is —0.643, with a p-value of
0.000024 below 0.05, while the Spearman correlation coefficient is —0.580, with a p-value of 0.000207 below 0.05.
This indicates that the correlation between building load and COP is significant and negatively correlated. The
results of the one-way ANOVA for building types and COP are presented in Table 7. The homogeneity of variance
tests all yielded values above 0.05, validating the use of the one-way ANOVA. These results indicate that there is
no correlation between building types and COP.

Table 6. The dry-bulb temperature, building load, and system COP on the typical days.

Cities Typical Day Building Type  Dry—Bulb Temperature/°C Heat Load/kW  COP
Commercial 7.36 116.48 3.32

Hottest day Hotel 10.71 183.31 3.56

Office 7.91 19.57 3.51

Commercial —23.56 1099.65 1.64

Harbin Coldest day Hotel —22.99 1832.50 1.78
Office —23.54 177.86 1.70

Commercial —8.10 294.42 2.77

Moderate—temperature day Hotel —4.13 751.41 3.06

Office —3.43 189.12 3.04

Commercial 13.22 46.03 341

Hottest day Hotel 4.81 351.02 3.14

Office 0.56 163.05 3.12

Commercial —7.70 764.18 2.57

Beijing Coldest day Hotel —8.52 1084.09 2.61
Office —11.65 149.02 2.46

Commercial 2.48 208.94 3.07

Moderate—temperature day Hotel 0.54 669.10 3.06

Office —6.30 112.66 2.75

Commercial 10.85 30.37 3.58

Hottest day Hotel 10.50 248.02 3.15

Office 10.37 52.92 3.07

Commercial —4.57 23591 2.81

Shanghai Coldest day Hotel —4.92 1035.13 2.52
Office —5.95 141.84 2.49

Commercial 4.07 74.35 3.09

Moderate—temperature day Hotel 2.83 585.37 2.88

Office 1.38 4.66 2.76

Table 7. One-way ANOVA of building types and cop.

Cities Homogeneity of Variance F-Value p-Value Correlation

Harbin 0.978 > 0.05 0.043 0.958 > 0.05 NA

Beijing 0.699 > 0.05 0.390 0.679 > 0.05 NA
Shanghai 0.893 > 0.05 0.343 0.712 > 0.05 NA

5. Conclusions

Considered the influence of low temperatures and defrosting conditions, this study established an air-source
heat pump heating system model using TRNSYS. The effects of outdoor meteorological parameters, climate
zonings, and building types on the operational characteristics and energy efficiency of air-source heat pump
systems were simulated and analyzed. By thoroughly comprehending the intricacies of these characteristics and
patterns, and integrating them with the actual demands of buildings for intelligent adjustments, the heat pump
systems can achieve substantial improvements in energy efficiency, ensuring a comfortable indoor environment
simultaneously. The key conclusions of this study are as follows.

1. In terms of the annual load variation, the building heat load in Harbin and Beijing reach the peak in the
middle of the heating season, whereas that in Shanghai shows a more moderate variation in annual building load.
The variations in the operation unit number of heat pump system closely mirror the variation in the building load.

2. The performance of air-source heat pumps is closely tied to climate zonings. On the coldest day of the
heating duration, the daily average COP of air-source heat pump heating systems in Harbin, Beijing, and Shanghai
was as follows: Shanghai (2.49) > Beijing (2.46) > Harbin (1.7).
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3. Through the combination of correlation coefficients and one-way ANOVA, it was found that the COP of
air-source heat pump heating systems is positively correlated with dry bulb temperature and negatively correlated
with the building load, independent of the building type in the public buildings.
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