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Abstract: The refrigeration cycle of an air source heat pump system is an important information that
reveals critical operating data, such as the cooling capacity, power consumption, and performance of
a system during operation. Operating data, such as refrigerant pressure and enthalpy in situ, can
be difficult to measure. Therefore, this study developed an in situ refrigeration cycle measurement
method using the airside data of an air source heat pump. A method for measuring the refrigeration
cycle is proposed using the characteristics of evaporation, compression, condensation, and expansion
processes. The distance function was analyzed by normalizing the difference between the refrigerant
pressure and enthalpy of the existing and proposed measurement methods. In addition, the distance
function for the maximum error of the pressure and enthalpy measurement devices was analyzed
and compared with the distance function of the entire data used in the evaluation. All the evaluation
data had low distance function values with a maximum difference of 5%, confirming the reliability of
the proposed refrigeration cycle measurement method. The power consumption and calculated COP
were also evaluated using the proposed method. The Mean Bias Error (MBE) of power consumption
and COP were 0.15% and 0.04%, and the coefficient of variation of root-mean-square error (CvRMSE)
was 8.967% and 7.14%, respectively.

Keywords: air source heat pump (ASHP); refrigeration cycle; measurement method; in situ data

1. Introduction

Energy consumption in the building sector accounts for more than 30% of the total
energy consumption worldwide [1]. Owing to the increasing demand for improved thermal
comfort in the building environment, heating, ventilation, and air conditioning (HVAC)
systems occupy almost half of the energy consumption in buildings [2]. Therefore, the
energy efficiency of HVAC systems needs to be increased to realize energy conservation
goals and low carbon emissions [3]. The need for heat pumps is accelerated by the increase
in interest in the energy efficiency of HVAC systems [4]. Air source heat pump systems
have a low initial investment cost compared to other heating and cooling systems and
are used widely [5]. As a result, there is considerable interest in improving the system
performance. Many studies have been conducted on air-source heat pump systems, which
are the main heating and cooling equipment [6,7].

Previous studies to increase the energy efficiency of air-source heat pump systems
include studies on the development of fault detection and diagnosis technologies to reduce
wasted energy and studies on building operation energy-saving technologies through
system performance improvement and efficient control [8–12]. These studies aimed at
increasing the energy efficiency of air-source heat pump systems typically require real-
time operational data [13–15]. The key operational data for air-source heat pump systems
include cooling capacity, power consumption, and coefficient of performance (COP). Power
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consumption and cooling load measurements are required to monitor the COP [16]. COP data
are useful for decision making in operating and controlling air-source heat pump systems.
Therefore, many studies have been conducted to measure and predict the COP [17,18].

Generally, air-source heat pump systems do not monitor and store operational data
separately. Therefore, to monitor the COP of an air-source heat pump system in operation,
measured data, such as the enthalpy and pressure of the refrigerant and power consump-
tion, are required. On the other hand, when measuring the pressure and enthalpy of the
refrigerant in situ, there may be difficulties due to cutting and drilling the refrigerant pipe.
Another way to measure the performance is to use the product-specific test characteristics
of the system.

Zhang [19] identified the problems with performance measurement methods that
rely on product-specific test characteristics in the field. As an alternative, performance
measurements were conducted using Compressor Set Energy Conservation (CSEC). The
field applicability of cooling operating conditions was confirmed. Cong [20] also examined
the performance measurement of an air-source heat pump system using the CSEC method
under heating conditions. Errors occurred when the compressor behavior was changed,
such as starting and stopping, but the effect was insignificant for long-term measurements.
The inlet and outlet refrigerant temperature and pressure data of the evaporator and
condenser are required to collect the main operating data of the system in operation.
Depending on the site, it may be challenging to collect the required data. Xiao [21] proposed
to collect data through sensors embedded in the system. In the field, however, only
limited information can be obtained, such as the surface temperature of the refrigerant
and the inlet and outlet air temperatures of the evaporator and condenser. Moreover, it
is difficult for users to access the manufacturer’s monitoring data, which are usually not
publicly available.

Several studies have been conducted on prediction methods to address the difficulties
in measuring the COP of air-source heat pump systems. Michael [22] also stated that it
is important to understand the COP of heat pumps in the field. Statistical and machine
learning models were developed to predict the COP of air-source heat pump systems. For
the data-driven analysis, the operational data and COP of 12 heat pumps in a renovated
house were collected. The Random Forests model was used to predict the COP, which
showed good results with an error level of 16–24% at high output temperatures and more
accurate predictions of 3–11% at low output temperatures. Eom [23] proposed a method
for predicting operation information of air-source heat pump systems using sensor data
initially provided by the manufacturer. A deep learning-based power consumption and
COP prediction model were proposed. Fully Connected Deep Neural Network (FCDNN),
Convolutional Neural Network (CNN), and Long Short-Term Memory (LSTM) models
were used to compare the performance differences between the models. The FCDNN-based
model showed an RMS error of 2.4% in power consumption and 3.4% in COP. Ye [24]
developed an ANN-based energy consumption prediction model. Yong et al. [25] used a
CNN-based regression model to predict the critical driving data, and Lei [26] developed a
back propagation neural network (BPNN) algorithm deception–performance prediction
model. Han [27] used simulation to analyze the performance of air-source heat pump
systems under different climatic conditions and developed a COP prediction model that
considers the influence of operating conditions. The error range of the developed model
was within ±5%, showing excellent performance. Danza [28] developed a prediction model
based on a gray-box model. The model was evaluated by comparing the results provided
by Energy Plus, a dynamic building energy simulation program, with actual collected data.

Many studies were conducted to verify operational data, such as cooling capacity
and COP of air-source heat pump systems in operation. Studies have been conducted on
developing data-driven prediction models to replace data that are difficult to measure in
situ. On the other hand, the proposal to use the inlet and outlet refrigerant temperature and
pressure data of the evaporator and condenser, which are the main factors of the proposed
prediction model, and the data of the embedded sensors of the system may have difficulties
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in situ applications. In addition, a large amount of useful data is required to develop a
data-driven prediction model [25]. Applying this to air-source heat pump systems that do
not store operational data is challenging. Therefore, studies on measuring the performance
are needed to provide key operating data of air-source heat pump systems by minimizing
the use of data that are difficult to measure, such as refrigerant enthalpy, pressure, flow
rate, and power consumption, and using data that are easy to measure.

If the user or manager can know more about the operation information of the air
source heat pump system, the efficiency of the system can be improved and energy con-
sumption can be saved. In this study, a method for measuring operation information and
characteristics of an air source heat pump system was proposed using air-side data, which
is easier to measure than refrigerant-side data. A method of inferring information on the
refrigerant side using air side data without direct measurement on the refrigerant side is
proposed. The pressure-enthalpy diagram, a Mollier diagram that shows the relationship
between pressure and enthalpy as the refrigerant changes, was used in this study. The
refrigeration cycle of the Mollier diagram represents the refrigerant enthalpy and pressure
during evaporation, compression, condensation, and expansion of the air source heat pump
system (hereafter, the refrigeration cycle refers to the refrigeration cycle of the Mollier
diagram). To measure the refrigeration cycle, a method was developed to minimize the
refrigerant-side data measurement and use the air-side measurement data. To minimize
the number of measurement points, the heat exchange between the refrigerant and air
was assumed to be equal, in accordance with the first law of thermodynamics, the law of
conservation of energy. In addition, the refrigeration cycle was assumed to be an ideal cycle
in order to use the Mollier diagram. Therefore, this study proposed a method for measur-
ing the refrigeration cycle of an air source heat pump system using air-side measurement
data. The proposed measurement method was compared and analyzed with the existing
method using refrigerant-side measurement data. The distance function was analyzed by
normalizing the difference in refrigerant pressure and enthalpy. In addition, the mean bias
error (MBE) and the coefficient of variation of root mean square error (Cv(RMSE)) of power
consumption and COP predicted using the proposed method were verified.

2. Methodology
2.1. Performance of the Air-Source Heat Pump System

The performance of an air-source heat pump system can be represented by its COP. The
COP can be used as a criterion to judge the thermal efficiency of an air-source heat pump
system, which is the ratio of the cooling capacity of a heat pump to its power consumption,
as shown in Equation (1) [29].

COP =
Q
W

(1)

where COP is the coefficient of performance, Q is the cooling capacity in kW, W is the
power consumption in kW.

Measurements of the COP of an air-source heat pump system require measurements
of the cooling capacity and power consumption. The cooling capacity refers to the amount
of heat absorbed by the refrigerant from the room-side air in the evaporator of an air-
source heat pump system during cooling operation. A low COP means a higher power
consumption for the same cooling capacity and a lower cooling capacity for the same
power consumption. Another way to calculate the COP is to use the refrigeration cycle.
Using a refrigeration cycle on a pressure-enthalpy diagram, the inlet, and outlet refrigerant
enthalpies of the evaporator and condenser can be obtained. Equation (2) shows the COP
calculation method using the pressure-enthalpy diagram.

COP =
h1 − h4

h2 − h1
(2)

where h1 is the evaporator outlet refrigerant enthalpy in kJ/kg, h2 is the condenser inlet
refrigerant enthalpy in kJ/kg, and h4 is the evaporator inlet refrigerant enthalpy in kJ/kg.
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The refrigeration cycle provides information on the refrigerant pressure and enthalpy
during the compression, condensation, expansion, and evaporation of an air-source heat
pump system. Figure 1 illustrates the concept of the refrigeration cycle of an air-source
heat pump system on a pressure-enthalpy diagram. Points 1, 2, 3, and 4 in Figure 1
are the evaporator outlet refrigerant point, condenser inlet refrigerant point, condenser
outlet refrigerant point, and evaporator inlet refrigerant point, respectively. They represent
the main points of the refrigeration cycle. The lines connecting each point represent the
compression, condensation, expansion, and evaporation processes. The characteristics of
each process in the refrigeration cycle are as follows.
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Figure 1. Refrigeration cycle of an air-source heat pump.

The ideal compression process is an isentropic process that draws refrigerant vapor
evaporated from an evaporator into a compressor as superheated vapor and compresses
it to facilitate liquefaction at high temperatures. The enthalpy change between the inlet
and outlet of the compressor is equal to the work of the compressor. In the condensation
process, the refrigerant state at the inlet of the condenser is superheated vapor at a high
temperature and pressure, which is cooled by the cooling fins to alter its state from gas to
liquid and release the latent heat of condensation. The condensation of the refrigerant in
the condenser occurs under constant pressure, which is called an isobaric process. On the
pressure-enthalpy diagram, the isobaric change is represented by the horizontal line, where
the enthalpy difference is equal to the calorific value of the latent heat of condensation
released by the condenser. In the expansion process, the refrigerant at high pressure,
which has been subcooled through the condenser, is depressurized through throttling
action as it passes through the expansion valve and becomes a saturated liquid at a lower
temperature. The change in state at the expansion valve is called throttling expansion, an
isentropic process. The enthalpy of the refrigerant before and after the expansion valve
does not change. Finally, in the evaporation process of the air-source heat pump system, the
refrigerant in the saturated liquid state after passing through the expansion valve, absorbs
the latent heat of evaporation of indoor air in the evaporator and changes into saturated
vapor and then into superheated vapor. The evaporation of the refrigerant in the evaporator
is an isothermal and isobaric process, and the difference in enthalpy is equal to the calorific
value of the latent heat of evaporation absorbed by the evaporator [30].

2.2. Refrigeration Cycle Measurement Method

There are two methods to calculate the COP: by measuring the cooling capacity and
power consumption and using Equation (1), and by measuring the pressure and enthalpy
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of the refrigerant and using Equation (2). Both methods require information, such as
the refrigerant enthalpy, pressure, and mass flow rate of the operating air-source heat
pump system, but there are difficulties in installing pressure gauges and flow meters
because they require processes, such as drilling and cutting refrigerant pipes. Therefore,
this study proposed a method for measuring the refrigeration cycle of an air-source heat
pump system using data that are easy to measure from the indoor side without using data
that are difficult to measure, such as refrigerant enthalpy, pressure, mass flow rate, and
power consumption. The proposed refrigeration cycle measurement method of the air-
source heat pump system considers the characteristics of heat exchange between refrigerant
and air during evaporation and condensation under an isobaric process, and takes the
characteristics of the refrigerant changing under isentropic and isenthalpic processed into
account during compression and expansion. Figure 2 presents the conceptual diagram
of developing the air-source heat pump system refrigeration cycle measurement method
based on in situ data.

Appl. Sci. 2023, 13, x FOR PEER REVIEW 5 of 22 
 

valve, absorbs the latent heat of evaporation of indoor air in the evaporator and changes 
into saturated vapor and then into superheated vapor. The evaporation of the refrigerant 
in the evaporator is an isothermal and isobaric process, and the difference in enthalpy is 
equal to the calorific value of the latent heat of evaporation absorbed by the evaporator 
[30]. 

2.2. Refrigeration Cycle Measurement Method 
There are two methods to calculate the COP: by measuring the cooling capacity and 

power consumption and using Equation (1), and by measuring the pressure and enthalpy 
of the refrigerant and using Equation (2). Both methods require information, such as the 
refrigerant enthalpy, pressure, and mass flow rate of the operating air-source heat pump 
system, but there are difficulties in installing pressure gauges and flow meters because 
they require processes, such as drilling and cutting refrigerant pipes. Therefore, this study 
proposed a method for measuring the refrigeration cycle of an air-source heat pump sys-
tem using data that are easy to measure from the indoor side without using data that are 
difficult to measure, such as refrigerant enthalpy, pressure, mass flow rate, and power 
consumption. The proposed refrigeration cycle measurement method of the air-source 
heat pump system considers the characteristics of heat exchange between refrigerant and 
air during evaporation and condensation under an isobaric process, and takes the charac-
teristics of the refrigerant changing under isentropic and isenthalpic processed into ac-
count during compression and expansion. Figure 2 presents the conceptual diagram of 
developing the air-source heat pump system refrigeration cycle measurement method 
based on in situ data. 

 

Figure 2. Conceptual diagram of the refrigeration cycle measurement method.

The refrigerant in the evaporator and condenser of an air-source heat pump system
evaporates and condenses under isobaric pressure. The refrigerant passing through the
compressor and expansion valve compresses and expands in an isentropic process and
an isenthalpic process, respectively. During cooling operation of an air-source heat pump
system, the refrigerant in the evaporator absorbs heat from the indoor air, and the refrigerant
in the condenser releases the absorbed heat to the outdoor air. Heat exchange between the
refrigerant and air occurs in the evaporator and condenser. When no heat loss occurs during
the heat exchange of refrigerant and air, according to the first law of thermodynamics, the
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heat change in the refrigerant and air in the evaporator and condenser can be expressed
as Equation (3). At this time, the amount of heat can be calculated using the mass flow
rate, specific heat, temperature, and enthalpy change in the fluid, which can be expressed
as Equation (4). In the condenser of an air-source heat pump system, only sensible heat
exchange occurs when air absorbs heat from the refrigerant. In the evaporator, on the other
hand, the refrigerant absorbs heat from the air. In this case, the heat in the air is absorbed as
both sensible and latent heat. Therefore, when calculating the heat content of an air-source
heat pump system, only sensible heat exchange is considered in the condenser and both
sensible and latent heat exchange are considered in the evaporator.

Qre f = Qair (3)

Q =
.

mairCp(tout − tin) =
.

mair(hout − hin) (4)

where Qre f is the heat transfer rate of the refrigerate in kW, Qair is the heat transfer rate
of air in kW,

.
mair is the mass flow rate of air in kg/s, tin is the temperature of the fluid

entering the control volume in ◦C, tout is the temperature of the fluid leaving the control
volume in ◦C, hin is the enthalpy of the fluid entering the control volume in kJ/kg, hout is
the enthalpy of the fluid leaving the control volume in kJ/kg.

The enthalpy of the air entering and leaving the evaporator is needed to calculate the
heat content of the evaporator, where both sensible and latent heat exchange occurs. The
enthalpy of the wet air can be calculated using Equation (5). The temperature and absolute
humidity of the air are required to calculate the enthalpy.

h = Cpat + x
(
hg0 + Cpwt

)
(5)

where h is the enthalpy of moist air in kJ/kg, Cpa is the specific heat of dry air at constant
pressure in kJ/kga·◦C, t is the temperature in ◦C, x is the humidity ratio in kgw/kga, hg0 is
the enthalpy of saturated water vapor at 0 ◦C in kJ/kg, and Cpw is the specific heat of water
vapor at constant pressure in kJ/kgw·◦C.

The absolute humidity was calculated using the relative humidity, which is easy to
measure, and the enthalpy of wet air was calculated. Equation (6) can be used to calculate
the saturated vapor pressure as a function of temperature. Equation (7) can be used to
calculate absolute humidity from the relative humidity.

Ps = 0.611e
17.27t

237.3+t (6)

x = 0.622
(

ϕPs

P0 − ϕPs

)
(7)

where Ps is the pressure of saturation vapor in kPa, ϕ is the relative humidity in %, P0 is the
standard atmospheric pressure in kPa.

The mass flow rate of air is required to calculate the air calorific value of the evaporator
and condenser. The airflow rate can be calculated using Equation (8), which can be obtained
by measuring the air velocity or airflow rate.

.
mair = qairγair (8)

where qair is the airflow rate in m3/s, γair is the specific weight of air in kg/m3.
The enthalpy change in the refrigerant in and out of the evaporator and condenser is

required to measure the refrigeration cycle of an air-source heat pump system. The refriger-
ation cycle can be determined without measuring the existing enthalpy of refrigerant input
and output by calculating the enthalpy change in air input and output of the evaporator
and condenser. Using the discharge air volume and air enthalpy of the evaporator and
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condenser, the enthalpy change in the refrigerant input and output of the evaporator and
condenser can be expressed, as shown in Equation (9).

∆hre f =

.
mair∆hair

.
mre f

(9)

where ∆hre f is the enthalpy change in refrigerant in kJ/kg, ∆hair is the enthalpy change in
air in kJ/kg,

.
mre f is the mass flow rate of refrigerant in kg/s.

The refrigerant in the evaporator and condenser of an air-source heat pump system
evaporates and condenses in an isobaric process, and the refrigerant flowing through the
compressor and expansion valve compresses and expands in an isentropic process and an
isenthalpic process, respectively. The refrigeration cycle measurement method using these
characteristics can be categorized into five steps, as shown in Figure 3.

• Step1. Check the refrigerant used by the air source heat pump system. Different
refrigerants have different physical properties, resulting in different pressure-enthalpy
diagrams. Specifically, it is important to know that the saturated liquid line and
saturated vapor line are different for different refrigerants. Generally, air source heat
pump systems use R401A refrigerant. In this study, a refrigeration cycle measurement
method was developed and evaluated based on an air-source heat pump system using
R410A refrigerant.

• Step 2. Show the evaporation process on a pressure-enthalpy diagram. In an air
source heat pump system, the evaporation is an isobaric process. Measure the surface
temperature of the refrigerant pipe on the evaporator side and mark the evaporator
discharge refrigerant point (point 1) that is above the saturated vapor line. Calculate
the enthalpy change in the evaporator-side refrigerant using Equation (9) using the
measurement data on the air side of the evaporator. The point of evaporator suction
refrigerant (point 4) is found by subtracting the calculated enthalpy change from the
enthalpy at point 1. The evaporation process of an air source heat pump system can
be shown on a pressure-enthalpy diagram by connecting points 4 and 1.

• Step 3. Show the isenthalpy and isentropy lines on the pressure-enthalpy diagram.
The point 4 found in Step 2 is the suction point of the evaporator and the discharge
point of the expansion valve. The expansion process of the air source heat pump
system is an isenthalpy process, so the isenthalpy line is taken through point 4. The
point 1 is the discharge point of the evaporator and the suction point of the compressor.
The compression process of the air source heat pump system is an isentropic process,
so the isentropy line is taken through point 1.

• Step 4. Show the condensation process on a pressure-enthalpy diagram. The condensa-
tion process in an air source heat pump system is isobaric, the same as the evaporation
process. The discharge point of the condenser is the same as the suction point of the
expansion valve, and the suction point of the condenser is the same as the discharge
point of the compressor. Therefore, the condensation process must cross both the
isenthalpy line and the isentropy line in Step 3. In addition, it must be parallel to the
evaporation process. Calculate the enthalpy change in the condenser side refrigerant
using Equation (9) using the measurement data on the air side of the condenser. Show
the discharge point (point 3) and suction point (point 2) of the condenser where the
calculated enthalpy change fulfills the above conditions. The condensation process of
the air source heat pump system can be shown on the pressure-enthalpy diagram by
connecting points 3 and 2.

• Step 5. Show the expansion and compression processes on the pressure-enthalpy dia-
gram. The expansion process of the air source heat pump system can be shown on the
pressure-enthalpy diagram by connecting points 3 and 4. Moreover, the compression
process of the air source heat pump system can be shown on the pressure-enthalpy
diagram by connecting points 1 and 2. Finally, the air-side measurement data can be
used to measure the refrigeration cycle of the air source heat pump system.
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The measurement variables and design data were selected to estimate the air-side en-
thalpy change in the air-source heat pump system. For the refrigeration cycle measurement
method, air-side measured data, evaporator air intake temperature and humidity, discharge
temperature and humidity, discharge airflow rate, refrigerant temperature, and condenser-
side air intake temperature and discharge temperature were selected as measured variables.
Generally, the condenser-side airflow in air-source heat pump systems is controlled at
constant airflow, so design data were used rather than measurements. A refrigeration
cycle measurement method using design data was developed for the refrigerant flow rate
required to calculate the enthalpy change on the refrigerant side. Table 1 lists the input
and measurement variables of the measurement method, and Figure 4 shows a conceptual
diagram of the measurement points of the input and measurement variables. The inlet and
outlet air temperature, humidity, and airflow were measured with twenty-five node, T-type
thermocouple grids and thermopile. Evaporator refrigerant temperature was collected by
measuring the refrigerant surface temperature.

Table 1. Description of the measurement variables.

Measurement Symbols Unit

Evaporator inlet air temperature tEvap,in
◦C

Evaporator outlet air temperature tEvap,out
◦C

Evaporator refrigerant temperature tEvap,re f
◦C

Evaporator inlet air relative humidity ϕEvap,in %
Evaporator outlet air relative humidity ϕEvap,out %

Evaporator outlet airflow rate qEvap,out m3/s
Condenser inlet air temperature tCond,in

◦C
Condenser outlet air temperature tCond,out

◦C
Condenser outlet airflow rate qCond,air m3/s

Refrigerant flow rate
.

mre f kg/s
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The difference between the measurement method for air-source heat pump systems
proposed in this study and existing methods is the input and measurement variables. The
existing method measures the refrigeration cycle by measuring the pressure and enthalpy
of the refrigerant. If it is difficult to measure the enthalpy of a refrigerant, the enthalpy can
be estimated by measuring the temperature and pressure of the refrigerant. The proposed
measurement method uses the temperature and humidity of the inlet and outlet air of
the evaporator and condenser, the supply airflow rate, and the evaporator refrigerant
temperature, as the measurement variables. The evaporator refrigerant temperature is
measured by the surface temperature of the refrigerant pipe of the evaporator. Figure 5
presents a schematic diagram of the difference between the existing and proposed methods.
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The proposed refrigeration cycle measurement method was used to predict the COP
and power consumption, which are the key operating data of the air-source heat pump
system. The power consumption predicted by the refrigeration cycle method is the enthalpy
change in the evaporator and condenser and can be expressed as Equation (10). The
COP predicted using the refrigeration cycle is the enthalpy change in the evaporator and
condenser, expressed as Equation (11).

W =
.

mair
(
∆hCond − ∆hEvap

)
(10)

COP =
1

∆hCond
∆hEvap

− 1
(11)

where ∆hCond is the enthalpy change in air in a condenser in kJ/kg, ∆hEvap is the enthalpy
change in air in an evaporator in kJ/kg.

2.3. Accuracy Analysis

The proposed refrigeration cycle measurement method was evaluated by measuring the
difference between pressure and enthalpy according to the measured data. In addition, the
reliability of the proposed refrigeration cycle measurement method was checked by comparing
the difference between the two points and the maximum error range of the pressure and
enthalpy measured values. The pressure of the refrigeration cycle in the pressure-enthalpy
diagram was approximately 0 to 4 MPa, and the enthalpy was approximately 150 to 450 kJ/kg.
Preprocessing was performed to evaluate the comparative analysis of pressure and enthalpy
between the two points. The data were preprocessed using normalization. Normalization
converts the data intervals into a range of 0 to 1, so the variables in different ranges have the
same importance. The formula for data normalization is shown in Equation (12).

Xnormal =
X − Xmin

Xmax − Xmin
(12)

where Xnormal is the normalized values, X is the measurement values, Xmin is the minimum
of measurement values, Xmax is the maximum of measurement values.

The statistics, data mining, and machine learning commonly use distance functions to
quantify the similarity between data. The most common distance function is the Euclidean
distance function. The closer the value of the distance function is to zero, the more similar
the data used in the analysis are to each other, and it can be defined as Equation (13).

d(hi, Pi) =

√√√√ d

∑
i=1

(hi − Pi)
2 (13)

where d(h, P) is the distance between two points h and P, h is the enthalpy of refrigeration
cycle in kJ/kg, and P is the pressure of refrigeration cycle in Pa.

The evaluation was performed using the Mean Bias Error (MBE) and the Coefficient
of variation of root-mean-square error (Cv(RMSE)) proposed by ASHRAE Guideline 14.
MBE and Cv(RMSE) can be calculated using Equations (14)–(16) [31].

MBE =
∑n

i=1(Pi − Mi)

n
(14)

RMSE =

√
∑n

i=1(Pi − Mi)
2

n
(15)

Cv(RMSE) =
RMSE

M
× 100 (16)
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where P is the predicted values, M is the measurement values, n is the number of data,
M is the average of measurements.

Standard uncertainty and synthetic standard uncertainty analyses were performed
to verify the reliability of the experimental data and computational results. When a
measurement result is obtained from several different inputs, the standard uncertainty of
this measurement result is called the synthetic standard uncertainty, and the synthesis is
obtained using the law of propagation of uncertainty Equation (17) [32].

u2
c (y) =

N

∑
i=1

(
∂ f
∂T

)2
δ2(T) +

M

∑
j=1

(
∂ f
∂ϕ

)2
δ2(ϕ) +

L

∑
k=1

(
∂ f
∂q

)2
δ2(q) (17)

where uc(y) is the combined standard uncertainty, f is the function, T is the measured
temperature, ϕ is the: measured relative humidity, q is the measured airflow rate, δ(T) is
the Uncertainty of the measured temperature, δ(ϕ) is the Uncertainty of the measured
relative humidity, δ(q) is the Uncertainty of the measured airflow rate.

3. Case Study
3.1. Data Setup

There are difficulties in collecting air-source heat pump system operation data [33].
Therefore, the NIST [34] data on the refrigeration operating behavior of air-source heat
pump systems were used to evaluate the refrigeration cycle measurement method devel-
oped in this study. The data were collected by operating a system using R410A [35–37],
a refrigerant commonly used in domestic air-source heat pump systems. Table 2 lists the
specifications of the air-source heat pump system and the system with a cooling capacity of
8.8 kW and a COP of 3.81.

Table 2. System descriptions for air source heat pump.

Category Specification

Used refrigerant R410A
Cooling capacity 8.8 kW

COP 3.81

The data were collected by attaching pressure transducers and T-type thermocouple
probes to the inlet and outlet of all system components to measure the actual refrigerant
pressure and temperature on the refrigerant side. The temperature was measured with an
uncertainty of ±0.3 ◦C and the pressure with an uncertainty of ±1.0 Pa. The dew point and
dry bulb temperatures were collected with an uncertainty of ±0.4 ◦C. The refrigerant mass
flow rate was measured using a flow meter with an uncertainty of ±1.0%. The COP was
calculated using the cooling capacity calculated from the refrigerant side measurement data,
and the compressor power was measured using a watt–hour meter. The cooling capacity has
an uncertainty of 4.0%, and the COP has an uncertainty of 5.5%. Table 3 lists the measurement
ranges and uncertainties of the measurement devices used to measure the data.

Table 3. Measurement uncertainties.

Measurement Range Uncertainty

Temperature Difference 0 ◦C to 28 ◦C ±0.3 ◦C
Air Nozzle Pressure 0 Pa to 1245 Pa ±1.0 Pa

Refrigerant Mass Flow Rate 0 kg/h to 544 kg/h ±1.0%
Dew point Temperature 0 ◦C to 37.8 ◦C ±0.4 ◦C
Dry-Bulb Temperature 0 ◦C to 37.8 ◦C ±0.4 ◦C
Total Cooling Capacity 4.4 kW to 10.5 kW 4.0%

COP 2.5 to 6.0 5.5%
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Data were collected at indoor temperatures of 21.1 ◦C to 26.7 ◦C and an indoor
humidity of 50%, with outdoor temperatures ranging from 21.1 ◦C to 37.8 ◦C and outdoor
humidity ranging from 40 to 60%. The data collection conditions were selected based
on ASHRAE Standard 37 [38] and ARI 210/240 Standards [39]. For the evaluation of the
proposed refrigeration cycle measurement method, NIST data were used to evaluate the
normal operation data in an environment that meets the conditions of indoor temperature
24.1 ◦C to 26.5 ◦C and outdoor temperature 26.0 ◦C to 36.6 ◦C, and Table 4 lists the
environmental conditions of the data used for the evaluation.

Table 4. Operating conditions for accuracy analysis.

Category Contents

Indoor temperature 24.1 ◦C to 26.5 ◦C
Outdoor temperature 26.0 ◦C to 36.6 ◦C

Indoor relative humidity 50%
Outdoor relative humidity 40% to 60%

3.2. Case of Analysis

Normal operation data from NIST data were used to evaluate the prediction results
of the proposed refrigeration cycle measurement method. The inlet and outlet refrigerant
pressures and temperatures of the evaporator and condenser were used as data for the
existing refrigeration cycle measurement method. The performance of the air source heat
pump system can change depending on the outdoor temperature. Therefore, the results of
the refrigeration cycle measurement according to the outdoor temperature were compared
and analyzed. Case 1 was selected as the operation data in the outdoor temperature range
of 26 to 28 ◦C, and a total of 6 cases were selected in 2 ◦C intervals. For a total of 720 data
sets, the proposed refrigeration cycle measurement method was compared with existing
methods under various outdoor temperature conditions. The distance functions of enthalpy
and pressure at each point were analyzed using Equation (13). Using the proposed method,
the accuracy and measurement uncertainty of the COP and power consumption predicted
using Equations (10) and (11) were confirmed.

4. Results and Discussion
4.1. Refrigeration Cycle

Figure 6 compares the refrigeration cycle and COP according to the measurement
points during cooling operation at outdoor temperatures of 26 ◦C to 36.6 ◦C and indoor
temperatures of 24 ◦C to 26 ◦C. The pressure increased as the temperature of the air ex-
changing heat with the evaporator and condenser increased. During the cooling operation,
the pressure increased as the outdoor temperature increased, and the prediction results of
the proposed refrigeration cycle measurement method confirmed the same pattern. The
evaporator pressure changed proportionally with the change in indoor temperature, and
the same pattern is confirmed by the proposed refrigeration cycle measurement method.
COP variation with outdoor temperature. It was confirmed that the existing method and
the proposed method have similar values. However, the difference in the enthalpy and
pressure of the refrigeration cycle was noted, and the pressure and enthalpy were compared
and analyzed to confirm the accuracy and reliability of the proposed method.

The refrigerant enthalpy and pressure of the refrigeration cycle predicted by the
proposed method were compared with the measured values. The outlet enthalpy of the
evaporator and the inlet enthalpy of the condenser were lower than the measured values,
while the outlet enthalpy of the condenser and the inlet enthalpy of the evaporator were
higher than the measured values. The outlet pressure of the evaporator and the outlet
pressure of the condenser are lower than the measured values, and the outlet pressure of
the condenser and the inlet pressure of the evaporator are higher than the measured values.
This is because evaporation and condensation do not follow an ideal isobaric process in an
actual refrigeration cycle. In the compression and expansion process, the isentropic and
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isenthalpic processes are the same as the theory, and the enthalpy difference at each point
occurred due to superheating and subcooling in actual operation. The difference between
the measured enthalpy and pressure is shown in Figure 7.
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The range of the predicted data compared to the total measured data was analyzed
by box-plot for the six cases based on the outdoor temperature. Figure 8 presents the
range of refrigerant pressures and enthalpy measurement data used in the analysis and
the refrigerant pressure and enthalpy at the condensation and evaporation inlet and outlet
points calculated by the proposed refrigeration cycle measurement method. As shown in
Figure 6, the enthalpy and pressure increased with the higher outdoor temperature. The
predicted results for both pressure and enthalpy were within the range of the measured
results. Therefore, the proposed refrigeration cycle can be used independently of perfor-
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mance changes due to outdoor temperature. Figure 8 presents the range of refrigerant
pressures and enthalpy measurement data used in the analysis and the refrigerant pressure
and enthalpy at the condensation and evaporation inlet and outlet points calculated by the
proposed refrigeration cycle measurement method.
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Figure 8. Range of accuracy analysis for the proposed method.

The measured results of the existing refrigeration cycle and the results of the proposed
measurement method revealed an up to 0.03 MPa and 0.16 MPa difference in pressure
in the evaporator and condenser, respectively, and an up to 11.23 kJ/kg and 17.13 kJ/kg
difference in enthalpy in the evaporator and condenser, respectively. The pressure varied
from 0.00 MPa to 0.16 MPa in all processes, with an average difference of 0.03 MPa. The
enthalpy ranged from a minimum of 2.81 kJ/kg to a maximum of 17.13 kJ/kg, with an
average difference of 7.78 kJ/kg. This is because evaporation and condensation do not
follow an ideal isobaric process in an actual refrigeration cycle. In the compression and
expansion process, the isentropic and isenthalpic processes are the same as the theory,
and the enthalpy difference at each point occurred due to superheating and subcooling in
actual operation. However, it was confirmed that the difference was less than 5% of the
error of pressure and enthalpy. Figure 9 shows the results of analyzing the pressure and
enthalpy difference between the existing refrigeration cycle measurement results and the
predicted results.

Pressure and enthalpy have different units and ranges. Hence, the proposed refrigera-
tion cycle prediction results were normalized and evaluated by calculating the distance
function of the input and output points of each process of the refrigeration cycle. The dif-
ference between the input and output refrigerant pressure and enthalpy on the evaporator
side and the input and output refrigerant pressure and enthalpy on the condenser side were
large, as determined from the refrigerant temperature data of the evaporator. The distance
function analysis between refrigeration cycles showed that the pressure had minimum and
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maximum values of 0 and 0.012, respectively, and the enthalpy had minimum and maxi-
mum values of 0.008 and 0.053, respectively. An analysis of the distance function of each
point between refrigeration cycles by considering pressure and enthalpy simultaneously
showed that the evaporator inlet showed a difference of 0.008 and a maximum of 0.035, and
the evaporator outlet showed a difference of 0.015 and a maximum of 0.020. The condenser
inlet and outlet had minimum and maximum differences of 0.013 and 0.053, respectively.
Table 5 lists the results of the distance function analysis of pressure and enthalpy.
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Table 5. Range of distance function differences between actual data and the proposed method.

Category Evaporator Inlet Evaporator Outlet Condenser Inlet Condenser Outlet Total

∆P
Min 0.000 0.000 0.000 0.000 0.000
Max 0.000 0.003 0.012 0.004 0.012

Average 0.000 0.001 0.005 0.001 0.002

∆h
Min 0.008 0.015 0.013 0.008 0.008
Max 0.035 0.020 0.053 0.035 0.053

Average 0.025 0.018 0.028 0.025 0.024

∆d(h, P)
Min 0.008 0.015 0.013 0.0008 0.012
Max 0.035 0.020 0.053 0.035 0.053

Average 0.026 0.018 0.026 0.026 0.026
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The refrigerant pressure and enthalpy measurements in the data used to develop
the refrigeration cycle measurement method had an error of ±5%. The reliability of the
proposed refrigeration cycle was evaluated by comparing the pressure and enthalpy with
the maximum and minimum error values with a 5% error. The minimum and maximum
pressures were 1.02 MPa and 2.67 MPa, respectively, and the minimum and maximum
enthalpies were 237.94 kJ/kg and 491.45 kJ/kg, respectively. The difference between
the pressure and enthalpy minimum and maximum values and their 5% tolerance was
0.05 MPa minimum and 0.13 MPa maximum for the pressure and 11.9 kJ/Kg minimum and
24.57 kJ/kg maximum for the enthalpy. In addition, a comparison of the distance function
between the evaporation and condensation inlet and outlet points showed that the distance
function has a minimum of 0.037 and a maximum of 0.077 when an error of 5% occurs
in both pressure and enthalpy. The maximum distance function between the existing
refrigeration cycle measurement results and the prediction results of the measurement
method was smaller than the distance function value for a maximum error of 5%. Therefore,
the proposed refrigeration cycle measurement method is reliable.

4.2. Prediction of Power Consumption and COP

The data prediction results using the proposed refrigeration cycle measurement
method were evaluated. Equations (14)–(16) enthalpy change in the refrigerant result-
ing from the proposed measurement method using the power consumption calculated
using Equation (10). The power consumption was evaluated using the data collected by
the watt–hour meter. Equations (14)–(16) were used to assess the accuracy of the COP
calculated using Equation (11) using the enthalpy change in the refrigerant resulting from
the proposed measurement method. The power consumption measured by the watt–hour
meter of the air-source heat pump system and the power consumption prediction result
were compared and analyzed, and the results are shown in Figure 10. The prediction
result revealed an MBE of 0.15% and Cv(RMSE) of 8.97%. The R2 of the predicted for the
measured power consumption is 0.87, and it is confirmed that most of the predicted results
are within ± standard deviation of the measured values.
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The COP calculated using the existing refrigeration cycle measurement method, and
the COP prediction results are compared and analyzed, as shown in Figure 11. The MBE
and Cv(RMSE) were 0.04% and 7.14%, respectively. The R2 of the performance prediction
results was 0.98, confirming that all predicted results were within ± standard deviation of
the measured values. The measurement uncertainties of power consumption and COP are
±4.06% and ±2.24%, respectively, and the prediction results of power consumption and
COP are shown in Table 6.
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Table 6. Accuracy analysis result.

Category MBE Cv(RMSE) R2 Uncertainty

Power consumption 0.15% 8.97% 0.86 ±4.06%
COP 0.04% 7.14% 0.98 ±2.24%

5. Conclusions

This study developed a refrigeration cycle prediction model for an air-source heat
pump system using air-side measurement data that are easy to measure in situ. The main
operation data, COP, and cooling capacity, were predicted using the proposed prediction
model, and the results were evaluated. The proposed refrigeration cycle measurement
method of the air-source heat pump system was analyzed and evaluated using the data
from NIST. The air enthalpy change calculation method was summarized by measuring
the temperature and humidity of the inlet and outlet air of the evaporator and condenser
of the air-source heat pump system. The refrigerant enthalpy change calculation method
was summarized using the air enthalpy change and airflow rate. A refrigeration cycle
measurement method that considers the characteristics of evaporation, compression, con-
densation, and expansion processes was proposed by dividing it into five steps. The
proposed refrigeration cycle measurement method was evaluated by comparing the re-
frigerant pressure and enthalpy of evaporation and condensation inlet and outlet points
with the existing refrigeration cycle. The differences between the refrigerant pressure and
enthalpy at each point and the distance function after normalization were analyzed, and the
distance function of the maximum error of the pressure and enthalpy measurement device
was compared with that of the total data used in the analysis. All data had low distance
function values compared to the maximum error, confirming the reliability of the proposed
refrigeration cycle measurement method. The power consumption predicted using the
proposed measurement method and the power consumption measured by the watt–hour
meter were compared. In addition, the COP prediction value of the proposed refrigera-
tion cycle and the existing refrigeration cycle measurement results were analyzed. The
MBE of the power consumption and COP predicted using the proposed refrigeration cycle
measurement results was 0.15% and 0.04%, respectively, and the Cv(RMSE) was 8.967%
and 7.14%, respectively. This confirmed that the measurement data validation criteria
presented in ASHRAE Guideline 14 were met. Moreover, the measurement uncertainties of
power consumption and COP are ±4.06% and ±2.24%, respectively. The refrigeration cycle
measurement method developed in this study is expected to complement the limitations of
technologies that can reduce energy consumption, such as fault detection and diagnosis
technology and performance improvement control measures.
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