As a promising technology for cooling and heating, heat pump has been applied in various commercial
buildings, residential buildings and industrial buildings worldwide. According to its configuration, a heat
pump can be packaged or split, ducted or ductless, portable or stationary. Typical heat pump types include
mini-split system, variable refrigerant flow (VRF) system or multi-split system, packaged window unit, cen-
tral ducted split system, packaged roof top unit, etc. (IEA, 2019) The global demand forecast for commer-
cial and residential air conditioners in 2022 is estimated to have increased by 107% compared to the previ-
ous year, with approximately 17.87 million units for commercial use and 99.9 million units for residential
use (JRAIA, 2023). In China, annual production of RACs reaches 218 million units in 2022. Moreover, VRF
system has long held the market's largest share for central air conditioning (Central Air Conditioning Mar-
ket, 2020). The Chinese market's enormous sales volume has aided in the growth of VRFs in the European
and American markets.

In the background of the vast market scale, actual performance and energy efficiency of the heat pump
system has raised wide attention in recent years. Although heat pump systems exhibit high performance
efficiency with various control strategy optimizations in the laboratory, their actual field performance could
be much different. Actual operation characteristics are affected by various factors, such as indoor and out-
door environmental parameters, pipe length and installation condition, thermal performance of enclosure
structure, occupants’ behaviour and so on, which could differ from those in the laboratory. In actual opera-
tion, such as short-circuiting in the outdoor unit during cooling, defrost operation during heating, and low-
load operation due to excess equipment capacity for claims, avoidance lead to a deviation of energy perfor-
mance from the values in the catalogue. According to the field test by Won et al. (Won et al. 2009), the ac-
tual energy efficiency of the VRF system in cooling season was only 1.74 kWh/kWh, which is remarkably
lower than its nominal cooling energy efficiency of 2.64 kWh/kWh. According to the investigation by Matsui
et al. (Matsui et al., 2016), the average operating ratio (actual output/nominal output) of VRF system in Ja-
pan is approximately 25%. The normalisation of oversized capacity leads to inefficient operation.

Accurate measurement of the cooling and heating capacity becomes the focal point of field performance
measurement since the energy efficiency index (EER) for the cooling mode and (COP) for the heating
mode could be calculated, respectively, from the energy consumption and capacity. The energy efficiency
index such as EER (Energy Efficiency Ratio), SEER (Seasonal Energy Efficiency Ratio), and COP (Coeffi-
cient of Performance) are all calculated as the ratio of capacity to energy consumption, making accurate
measurement of cooling and heating capacities a crucial focus in on-site evaluations.

Among the different types of heat pump, cooling/heating performance of water-medium ones can be easily
measured by measuring the water flow rate and its temperature difference. However, for air-to-air systems,
on-field capacity-related performance of the system is hard to be determined, though electricity consump-
tion can be measured (Matsui&Kametani, 2020). As a result, the challenge of performance measurement to
air-to-air system impedes the development of energy management, energy-saving operation, system retro-
fitting.

Thus, this chapter reviews the state of art for field monitoring methods of heat pump systems (mainly focus
on air-to-air system) and introduces some measurement result and database for actual performance of
heat pump.
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The cooling or heating capacity can be obtained for water-cooled heat pump systems by measuring the wa-
ter temperature difference and water circuit flow rate. However, this is not the case for air-to-air heat pump.

The basic principle of performance measurement of air-to-air heat pump is presented in Figure 2.2.1-1 (En-
teria et al., 2023). In order to obtain the cooling or heating capacity of the air-to-air system, researchers
mainly focus on two methodologies according to the measured medium (air or refrigerant), namely the air-
specific enthalpy difference (AE) method and refrigerant specific enthalpy difference (RE) method. Accord-
ing to different acquisition methods of air volume and air enthalpy difference, the AE method is further di-
vided into indoor side AE method and outdoor side AE method. The former comprises indoor air hood
method and indoor air sampling method, the latter is composed of the outdoor air hood method, static
multi-point sampling method, static outlet air sampling method and dynamic outlet air sampling method.
Based on a different of refrigerant mass flow measurement principle, the RE method is divided into the re-
frigerant flowmeter method, compressor performance curve method, compressor volume efficiency
method, numerical calculation method and compressor energy conservation method.
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Figure 2.2.1-1. Basic principle of field performance measurement to air-to-air heat pump

The indoor side air enthalpy difference method mainly includes the indoor unit external air hood and the
indoor unit outlet air sampling method. The external method is based on the traditional heat transfer meas-
urements on the air side, mainly air flow rate, inlet and outlet temperature, and corresponding air proper-
ties, such as density and specific heat capacity. The air flow rate can be measured directly by anemometer
or calculated according to a fan curve validated by experiments, such as a function among air flow rate, fan
rotation speed and power consumption.
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22111 Air hood method

The air hood introduces all the air outlets of the indoor unit into the air duct, and the fan adjusts its speed at
the end of the air duct to balance the pressure loss caused by the test devices at the same time
(Jactard&Li, 2011). The anemometer and the temperature/humidity sensors were used to obtain the air vol-
ume and the parameters before and after the heat exchanger. In addition, at least four groups of tempera-
ture and humidity sensors should be installed in the inlet and outlet of the indoor unit evenly distributed. To
obtain accurate air density and specific heat capacity, a group of temperature and humidity sensors shall
be arranged near the pressure sensor. Although use of multiple groups of temperature and humidity re-
duces the error caused by thermal non-uniformity, it is not convenient because it disturbs the regular opera-
tion for both users and units.

2.2.1.1.2 Air sampling method

To simplify the test difficulties, the air sampling method was proposed. The indoor unit's inlet and outlet dis-
tribution is determined through multi-point measurement in advance; therefore, the air hood could be left
out in the field test. The inlet and outlet areas are normally divided into several small regions, and the air
temperature, humidity, and velocity are measured, respectively.

Figure 2.2.1-2 shows the test principle of an indoor unit of a multi-connected air conditioner of a four-side
air outlet ceiling unit (Ichikawa et al., 2008). The scalar and vector anemometer measured three-dimen-
sional airflow velocities in and from the unit, creating an accurate airflow velocity distribution curve. The air
inlet and outlet volumes are calculated by integrating distributed sensors and each measuring point’s cor-
rection factor. The temperature and humidity sensors are arranged in each measuring point area. There-
fore, the cooling capacity was finally obtained.

Figure 2.2.1-3 shows the thermal and vector velocity distribution in the indoor unit, where the airflow at
the outlet is also complex, similar to the outdoor unit. Ensuring this method’s accuracy is hard, especially in
the cooling condition. Moreover, using the arithmetical average should be avoided since the supply air ex-
hibits evident non-uniformity.

(a) Measuring point (b) Air inlet and outlet (c) Sensors of air outlet
Figure 2.2.1-2. Air sampling method
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Figure 2.2.1-3. Thermal and vector velocity distribution on the indoor unit
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2.2.1.2 Outdoor side air enthalpy difference method

Although the indoor air enthalpy difference method has the advantage of being free from the interference of
outdoor meteorological conditions, it is difficult to achieve high-precision long-term measurement due to its
interference from the users.

22121 Static multi-point air sampling method

The cooling/heating capacity was calculated by multiplying the enthalpy difference and the air mass flow
rate in the static multi-point air sampling method. The specific enthalpy is calculated by arranging several
groups of temperature and humidity sensors at the inlet and outlet of the outdoor unit. Similarly, the air vol-
ume was determined by measuring air speed in multiple positions of the outdoor unit. Probing temperature
sensors show better accuracy since they penetrate the heat exchanger and the synchronisation (Nobe et
al., 2011). Each probing sensor is equipped with two T-type thermocouples, one of which is put on the ex-
terior of heat exchange fins, and the other penetrates through fins into exhaust air chambers so that the
inlet and outlet temperature of the heat exchanger can be measured at one time. In the field test, Ichikawa
et al. (Ichikawa et al., 2008) tested the performance of the air source heat pump with a large capacity in-
stalled in an office building in central Tokyo by 27 probing sensors. The velocity of exhaust airflow was
measured on each fan unit.

2.2.1.2.2 Air hood method

The air hood is connected to the air outlet of the outdoor unit (Shimuzu et al., 2006), similar to the indoor air
hood method. The average inlet/outlet air parameters (temperature and humidity) and airspeed distribution
were measured and calculated. Compared with the air sampling method, the interference of the outdoor
environment is avoided with better airflow uniformity.

A rectangular duct is set at the air outlet of the outdoor unit to measure heat exchange by temperature and
humidity sensor. Figure 2.2.1-4 shows the outdoor unit’s duct part and vector velocity distribution. The air-
flow within the duct is a swirling flow. Velocity components primarily influence the thermal distribution and
make accurate measurements challenging.
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Figure 2.2.1-4. Duct in the outdoor unit and vector velocity distribution

However, installing an air hood affects the air distribution of the air flow field of outdoor units, especially for
the multiple outdoor units. The relative error of this method is about +15%.

2.2.1.2.3 Static outlet air sampling method

By installing of air outlet sampling devices at the outlet of the outdoor unit, the sampling devices obtain the
temperature, humidity, and airflow parameters at the microelement (Shimuzu et al., 2007). In order to im-
prove the accuracy, the cooling capacity algorithm was improved. A sampling device that samples the ex-
haust heat from an outdoor unit was developed by Haga et al. (Haga et al., 2007), which was called the
thermal flux sampler. An illustration of the thermal flux sampler is shown in Figure 2.2.1-5. The average
mean error was 12% compared with the heat balance method, which shows a great improvement in
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evaluating the actual performance of the VRF system. However, considering the complex structure of the
measuring device, the installation of the measuring device is complex. In addition, it is necessary to intro-
duce the outlet angle and flow correction coefficient, showing with significant uncertainties.

22124 Dynamic outlet air sampling method

To solve the problems of difficult installation and complex debugging of the outdoor unit static outlet air
sampling method, Zhao (Zhao, 2009) proposed the dynamic outlet air sampling method, which used sen-
sors connected with a rotating rod on a rotating shaft driven by the stepping motor moving at a predeter-
mined speed (Figure 2.2.1.6). The total cooling capacity was obtained by the accumulation of a sub-zone
heat transfer.

The mechanical automatic control device complemented the measurement progress, avoiding the an-
thropic factors’ effects. The measurement cost increased significantly for the cost of motor and control de-
vices. Moreover, it is not convenient to install the equipment in some cases, which also restricts the appli-

cation of this method.
/N

i

Figure 2.2.1-6. Dynamicoutlet air samling device
2.2.1.3 Refrigerant specific enthalpy difference method

22131 Compressor performance curve method

Based on the provided information, the compressor performance curve method calculates the refrigerant
mass flow rate by fitting a polynomial to some directly measured parameters such as evaporation tempera-
ture, condensation temperature, adiabatic compression index and compressor frequency. The polynomial
is then applied to the actual operating conditions, and the refrigerant mass flow rate under the correspond-
ing operating conditions is calculated. The cooling/heating capacity of the system is determined by calculat-
ing the enthalpy difference between the refrigerant inlet and outlet of the indoor heat exchanger. Related
studies prove that the relative errors with approximated and measured refrigerant mass flow rate values are
within 6~10% (Takahashi et al., 2008).
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However, the compressor performance curve method relies on the fundamental information supplied by the
manufacturer. In addition, after the long-term operation, some problems, such as compressor’s wear and
tear, and refrigerant leakage, will affect the compressor’s performance. The field performance of the com-
pressor will deviate from the initial performance in the laboratory, showing low accuracy in a long-term test.

The ratio of the actual suction volume to the theoretical suction volume is used to define the volumetric effi-
ciency of the compressor (Naruhiro&Shigeki, 2012). As a result, once the volumetric efficiency and struc-
ture of the compressor are determined, the refrigerant mass flow rate (or cylinder volume) may be calcu-
lated according to Equation (2.2.1.1).

Myep = Pref XNy X Vg X f (22.11)

Where, nv represents volumetric efficiency, V4 is the actual suction volume of the compressor (m3/rev), and
f represents the frequency of the compressor (Hz). The volumetric efficiency value can be experimentally
determined from the air conditioning capacity in a high-precision environmental test laboratory. Figure
2.2.1-7 shows the volumetric efficiency of a scroll compressor obtained using this technique. The error fac-
tors and their approximate values for the simplified compressor curve method are shown in Table 2.2.1-1.
The total error is over 20%, but since each factor is an independent event, the overall error is within 10%.
The disadvantage of the compressor curve method is that the error increases during transient operating
conditions, such as when the compressor starts up. However, the error during steady operation is small,
and it can be said to be a sufficiently practical evaluation method. In addition, the accuracy of this method
depends on the precision of volumetric efficiency, which may be affected by the wear and deterioration of
the compressor during a long-term operation.

Volumetric efficiency (%)

0 lb 2'0 BVO 4'0 5'0 (;0 7'0 80 9'0 l(I)O 11'0 120
Load Ratio [%)
Figure 2.2.1-7. Volumetric efficiency

Table 2.2.1-1. Error factors in the compressor curve method
Individual During operation
differences Cooling Heating
Variability in Compressor | within £5% within £2.5% | within £2.5%
Individual Performance
Approximation Error in within +5% within +5% within +5%
Compressor Performance
Characteristics

Causal factors

Four-way valve leakage within £0.5% | within +0.5%
Sensor errors +0.5% each +0.5% each
Heat dissipation losses within 2-3%

(Liquid piping)
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The intrusive measurements on the refrigerant side can directly obtain the refrigerant mass flow. Teo-
dorese et al. (Teodorese et al., 2007) determined the refrigerant flow rate by using the Coriolis flow meter
installed at the exhaust side of the indoor unit during the heating season. Tran et al. (Tran et al., 2012)
used two mass flow meters (Coriolis flow meter and external ultrasonic flow meter) in the laboratory to eval-
uate the flow rate and vapor quality of the refrigerant. It is shown that the averaged relative error of the
method even reaches to 1.8% compared with water enthalpy method during a long period field test. How-
ever, the Coriolis flow meter is expensive, and it is inevitably intrusive, which will seriously affect the opera-
tion state of a heat pump. In addition, the accuracy of the Coriolis flow meter is significantly reduced when
inlet refrigerant is in a two-phase or non-steady state.

According to the throttling characteristic equation for a compressible fluid, the Throttling Model Method de-
termines the mass flow rate of the refrigerant based on the compressible fluid throttling characteristic equa-
tion. Kim & Braun (2016) investigated three different virtual refrigerant mass flow sensors (VRMF) that use
mathematical models to estimate flow rate, including the compressor map method, energy balance method,
and empirical correlated throttling model method. According to experiments, the three VRMFs work well in
estimating refrigerant mass flow rate for various systems with less than 5% root-mean-square error.

First proposed by Fahlén (1989), the compressor energy conservation method measures the refrigerant
mass flowrate across the compressor based on the energy conservation equation, shown as Equa-
tion (2.2.1.2).

mrefhsuc + Pcom = mrefhsuc + Qloss (2-2-1-2)

where, mref represents refrigerant mass flow rate across the compressor, in kg/s; hsuc and hdis represent the
refrigerant specific enthalpy at compressor suction and discharge port, in kJ/kg; Pcom represents electric
power input, in kW; Qiess represents heat loss between compressor and surrounding, in kW.

For a room air conditioner where the refrigerant mass flow rate across the compressor equals that across
all indoor units, the CEC method can be directly applied to obtain the field performance. However, for a
VRF system with multiple circuits, such as oil return and subcooling circuits, the refrigerant mass flowrate
across the compressor does not necessarily equal to that across all indoor units. In this case, the compres-
sor set energy conservation (CSEC) method is proposed by Zhang et al. (Zhang et al., 2019) to solve this
problem. Further, to cope with the two-phase suction situation and increase the method’s accuracy, the
CEC-CVE method is proposed to improve the measurement accuracy in two-phase suction condition (Yang
et al., 2020; Xiao et al., 2022). The accuracy of this method is finally proved to be approximately 15% com-
pared with the AE method. This method shows long-term reliability, independence, and non-interference,
which are significant requirements for field tests.

Previous measurement methods (AE and RE methods) can be applied with similar principles for air-water
heat pumps. In addition, the water side method is available for performance measurement cases where the
water side is accessible. The water flow rate and temperature can be accurately measured using a mass
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flow meter and temperature sensor. Heat transfer of the outdoor unit is determined accurately from the wa-
ter side by Equation (2.2.2.1). In addition, after measuring the compressor’s power consumption, the total
cooling capacity is calculated by Equation (2.2.2.2), and the total heating capacity is calculated by Equation
(2.2.2.3).

Qout,w = Gprw(tw,in - tw,out) (2.2.2.1)
Qin,c = Qout,w - Pcom (2222)
Qin,h = Qout,w + Pcom (2223)

In summary, the AE and RE methods are available approaches to measure heat pump performance.
Among these methods, the CEC method is better for its long-term reliability, independence, and non-inter-
ference. In addition, for the short-term measurement of new heat pump products (with slight efficiency dete-
rioration), the CVE method is a practical choice. Thus, combining these two methods to realise high-accu-
racy measurements for heat pumps during their life-cycle may be a promising approach.

Standardisation is an important way to promote the development and application of the technology. Previ-
ous standards in China for the performance testing of heat pump (mainly refer to RAC and VRF system)
mainly concentrate on the operating performance in the laboratory, but there are also corresponding speci-
fications for the measurement of the on-site operating performance.

In the regulation produced by Architectural Services Department of the Hong Kong Special Administrative
Region (Architectural Services Department, 2007), it required that the air-conditioning system (including the
central air system and split air system) should be tested by air enthalpy method in a short time, and the unit
should keep full loads in the steady state. Since this regulation is not dedicated to the field test, related
technical schemes are not illustrated in detail.

To promote the CEC method, the standard T/CAS 305-2018 “Specification for measurement of on-site per-
formance parameters of air conditioner” (AQSIQ, 2018) was proposed firstly in China, including calculation
formulas, installation positions of sensors, and accuracies & calibrations of measuring devices. For air con-
ditioners without pressure sensors, temperature sensors are used to estimate the evaporation/condensa-
tion pressure in CEC method. In addition, APF index reflecting the seasonal performance of the unit speci-
fied in the energy efficiency standard (e.g. GB 21455-2013 (AQSIQ, 2013)) are used to evaluate accuracy
of the measurement device, as shown in Table 2.3.1-1. Through the measurement under the different oper-
ating conditions, the tested APF of measuring devices was compared with the results of the psychometric
caloric laboratory APFpme, and the relative error of the two measurement results dipme (calculated by Equa-
tion (2.3.1.1)) is adopted as the accuracy evaluation index. Based on the measurement results, the accu-
racy of the measurement device is classified. APF with a relative error of less than 10% can be regarded as
a high-precision field performance measuring device, while a measuring device with a relative error of more
than 25% is regarded as unqualified.
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Table 2.3.1-1. Accuracy calibration conditions of measuring device
Calibration condition
Item Indoor side  Outdoor side Test item Necessity
DBT WBT DBT WBT

Nominal cooling O
Nominal cooling 27 19 35 24 Half cooling O
25% cooling Oo/A
Cooling Low temperature cooling 27 19 29 — Low temperature O
Low humidity cooling 27 <16 29 — Low humidity A
Intermittent cooling 27 <16 29 — Intermittent cooling A
Maximum cooling 32 23 43 26 Maximum cooling A
Extreme high-temperature 32 23 48 — Extreme high-temp. A
Nominal heating O
Nominal heating 20 . 7 6 Half heating O
. 25% heating o/A
Heating . . : -
Intermittent heating Intermittent heating A
Low-temperature heating 20 <15 2 1 Low temperature O
Extreme low-temperature 20 <15 -7 -8 Extreme low-temp. O
Note: O represent the necessary item, and A represent the selected item.
Sipyp = AEFIPMEZAPES| 10004 (2.3.1.1)

APFg

In recent years, VRF systems have been widely used with increasing demands in the market. In China, the
standard T/CECS “Technical specification for the retrofitting of multi-connected split air condition system”
(C.A. of B. Research, 2019) and standard for T/CECS 846-2021 “Performance testing of heating and air-
conditioning system in hot summer and cold winter zone” (C.A. of B. Research, 2021) published by the
China Association for Engineering Construction Standardisation aims to determine the method and regula-
tions of VRF renewal and retrofitting. In this standard, four classes were determined when considered re-
newal and retrofitting, including air condition system function, security, environment, and energy efficiency.
To acquire the energy efficiency of heat pump, the indoor AE method was recommended to adopt for the
cooling/heating capacity of VRF system. In these two standards, the compressor set energy conservation
(CSEC) method is included as an available method. The schematic of sensors installation by CSEC
method on VRF system is shown in Figure 2.3.1.1. By testing the temperature, pressure and energy con-
sumption, cooling or heating performance of a VRF is finally calculated. In addition, the waterside heat me-
tering method is also recommended for water source VRF system. Therefore, through the standard for ret-
rofit VRF system, the field test methods and related principles are determined, which contribute to the pro-
motion of high-efficiency VRF system in energy-saving transformation projects.
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Figure 2.3.1-1. Schematic of sensors installation by CESC method on VRF system
1—Inlet refrigerant temperature of liquid separator; 1°’— Outlet refrigerant temperature of liquid separator;
2—Refrigerat temperature in the middle of compressor (or external insulation); 3—Refrigerant temperature of
compressor discharge; 3’—Outlet refrigerant temperature of oil separator; 4—Outdoor air temperature; 5—
Inlet( in heating mode) or outlet(in cooling mode) refrigerant temperature of outdoor heat exchanger; 9—Inlet
pressure of liquid separator; 10—Discharge pressure of compressor; 11—Compressor input power; 12—
Energy consumption recorded by outdoor energy meter; 13—Energy consumption recorded by indoor energy
meter

In China, performance measurements of heat pumps are receiving increasing attention. Standards incorpo-
rating performance measurement techniques currently under development also include T/CECS “Standard
for field measurement of energy efficiency and energy saving of multi split air conditioning (heat pump) sys-
tem” and GB/T 27941 “Code of design and installation for multi split air conditioning (heat pump) system”.
To verify the consistent accuracy of the performance measuring device during the test, the former one pro-
posed the calibration method under continuous dynamic condition. In addition, The GB/T 27941 standard
(Chinese Standards, 2011), which is under revision, plans to apply performance measurement methods to
test the effectiveness and acceptance of installed VRF systems.

In 2020-2022, Natural Resources Canada funded field trials of air to air, variable capacity cold climate heat
pumps in locations across Canada. To provide guidance for these field tests, a technical guideline for field
monitoring was developed (Natural Resources Canada, 2022). The Guideline covers 4 planning and under-
taking field monitoring aspects, including site and equipment selection, monitoring parameters, short-term
testing and long-term testing.

In the first aspect of site and equipment selection, basic information is collected and reported, such as geo-
graphical location, house description and use, house heat load, heating and cooling system configuration,
system sizing calculations and other details.

In the second aspect, parameters and accuracy in the testing are regulated. Required data mainly includes:
whole-house power/energy, system power/energy of outdoor unit and indoor unit(s), backup heat
power/energy for the area being heated by the ASHP, outdoor air temperature and humidity, indoor air tem-
perature and humidity, location of outdoor unit, supply and return air temperature, relative humidity at return
and supply, indoor unit air flow rate, ventilation air flowrates and temperatures, system runtime during the
measurement interval, any unit controls, sensors, or outputs that can be accessed and recorded.

In short-term testing, HP system is set to provide maximum cooling or heating depending on the season.
The above parameters are monitored, and the supply air flow rate is calculated according to the fan curve.
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The efficiency of HP is measured according to the indoor side AE difference method. The tested capacity,
power consumption, and supply conditions are compared with manufacturer submittals or engineering data
sheets. The monitoring measurements, when applied correctly, are expected to result in load calculations
that are accurate within £20%, compared to manufacturer data. If any measured performance value is
more than 20% off the expected value, double-check sensor performance.

In long-term testing, performance of HP is measured in similar method during a long term. During the test-
ing, periods when the heat pump are off, standby and active mode (cycling on and cycling off) should be
recorded to see how well the heat pump matches the heating load of the house. In “Active mode”: the heat
pump is the selected heating/cooling system (switched ON) and provides heat/cooling in cycling on or cy-
cling off state. In “Standby mode”: the heat pump is the selected heating system (switched ON) and not
providing the heat, as there is no cooling or heating load. In “Off mode”: the heat pump is not the selected
heating system (switched OFF) and not providing the heat, but draws electricity.

By counting the temperature bin hours, seasonal performance factor is calculated. For example, Seasonal
Coefficient of Performance Calculations in heating season (SCOP#) should be calculated according to
Equation (2.3.2.1).

j=1
SCOP. = ¥ [Load(Tj)%]
H ]gll[Capacity(Tj)

(2.3.2.1)

CoP(h) +Aux(T})

nj
~(TPHNA

Where, Aux represents electrical power required for auxiliary space heating (kWh); Puna represents the
power consumed when the unit is not in active mode (kWh); ni/N represents the ratio of the number of data
records collected for the bin temperature (Tj)to the total number of data records in the heating season.

ASHRAE Standard 221 (ANSI/ASHRAE, 2020). provides a method to field measure and estimate the ca-
pacity and efficiency and score the performance of an installed HVAC system. The standard applies to sin-
gle-zone unitary split and packaged direct expansion cooling, air-source heat pump, and combustion fur-
nace HVAC systems of any capacity and with forced-air distribution systems. It provides uniform methods
of measurements and testing procedures for airflow, temperature, enthalpy, and power. Moreover, test in-
struments, specifications, and calibration requirements for capacity and efficiency measurements are speci-
fied in this standard.

The standard adopts indoor side AE difference method in field test. Test instruments include air balancing
(capture) hood assembly, digital anemometer, manometers (for air pressure measurement), multisensory
thermometer/psychrometer and electrical power meter. Corresponding specifications of the instruments are
specified. In testing procedure, air balancing hood and thermal (or rotating vane) anemometer are used to
measure the airflow of indoor terminal (shown as Figure 2.3.3-1). A digital thermometer or psychrometer
probe is used to measure air temperature or enthalpy (shown as Figure 2.3.3-2). For the cooling system,
temperature and humidity measurement are required to finish a minimum of seven readings at different lo-
cations simultaneously and displaying or recording each value, including wet-bulb and dry-bulb tempera-
tures. For heating system, a similar requirement is specified for dry-bulb temperature measurement. Aver-
aged values of temperature and enthalpy are used in capacity calculation.
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Figure 2.3.3-2. Air temperature or enthalpy measurement procedure

Based on the tested cooling or heating capacity as well as electrical consumption, the standard provides
calculation method for system efficiency scoring indexes. Installed cooling system EER (ICS-eer) and in-
stalled cooling System COP (ICS-cop) represent the ratio of the total capacity delivered through the supply
registers and return grilles divided into the measured total power consumed by the system and normalised
to standard rating conditions.

For the air-to-air unit, Finnish standards NT VVS 115 (NORDTEST, 1997a) and NT VVS 116 (NORDTEST,
1997b) specify the working conditions and measurement methods for on-site performance measurement of
air-to-air units, including the measurement of the compressor suction and discharge temperature and pres-
sure, condenser outlet temperature and compressor power. The performance data of the heat pump are
obtained by CEC method. Figure 2.3.4-1 shows the symbols used to define the refrigerant states which are
necessary to calculate performance data. Figure 2.3.4-2 presents the basic principle of CEC method, and
the heat losses were expressed as a fraction of the power input to the compressor in NT VVS 116.
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Figure 2.3.4-2. Thermal balance of the compressor

To investigate the actual performance parameters of the VRF system, Zhang (Zhang, 2020) measured the
cooling capacities of 6 VRF systems in a building in Hefei, China (VRF S1/S2/S4/S5S6 identical with a 16
kW capacity, VRF S3 is different with a 12.5 kW capacity). During the 90-day testing period, the average
daily cooling capacity of 6 VRF systems is distributed within 1.4~6.6MJ/(d-m?). Among the 6 VRFs, S5 VRF
shows the largest daily average cooling capacity because it operated for 702 h during the measurement
period, as shown in Figure 2.4.1-1. In addition, the cumulative operation time of S2 VRF, with the smallest
daily average cooling capacity, is about 164h. In addition, the hourly average cooling capacity of S1 and S5
VREF is higher than the corresponding rated capacity, indicating that the actual load of the rooms of the two
systems could be higher than the designed load.
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Figure 2.4.1-1. Cooling capacities of 6 VRF system

Figure 2.4.1-2 shows the statistical results of operation hours of the 6 VRFs at different part load rate dur-
ing the testing period, and the result show different distribution patterns. In the field test, the periods when
the part load rate of S1, S4 and S5 VREF is higher than 0.8 accounted for approximately 86%, 74% and
949%, respectively. Moreover, the part load rate of S3 VRF concentrates between 0.4 and 0.8, which ac-
counts for approximately 87% of the total operation hours. For S2 and S6 VRF, the system operates at a
relatively wide range of part load rates. Thus, the distribution pattern of operation hours on part load rate
indicates that the actual operation conditions and performance of VRFs could be quite different. In addition,
more attention should be paid to system design and sizing to ensure that the system operates in an appro-
priate and efficient part load rate area.
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Figure 2.4.1-2. Part load rate and operation hours of the 6 VRFs

Table 2.4.1-1 shows the actual cooling operating parameters of the monitored VRF. The average power
consumption of the six VRFs during the 90-day monitoring period ranged from 2.0 kW to 5.0 kW. Mean-
while, EERs were distributed in the range from 3.41 kWh/kWh to 4.08 kWh/kWh. Moreover, the average

part load rate of S1 and S5 is higher than 1.0.

Table 2.4.1-1. Actual operating parameter of monitored VRFs

System code S1 S2 S3 S4 S5 S6

Average outdoor DBT /°C 34.6 334 35.1 345 34.4 35.1

Average indoor DBT /°C 25.1 27.3 27.3 25.7 24.6 26.1

Average outdoor WBT /°C 20.2 21.4 20.9 215 20.3 21.3
Number of IUs 3 3 3 4 4 3

Main pipe length /m 14.7 29.7 24.1 41.7 9.7 9.7

Average power consumption /kW 4.5 2.7 20 4.2 5.0 3.4

Average cooling capacity /kW 16.3 10.6 8.3 14.2 175 12.8

Average part load rate /(KWh/KWh) 1.03 0.66 0.53 0.89 1.09 0.81

EER during testing period /(kWh/kWh) 3.66 3.98 4.08 3.41 3.49 3.75

As part of Japan’s Ministry of the Environment's CO2 reduction project in Japan, a nationwide field test of
VRF systems was conducted in 2018 at 15 locations. The VRF units used for the tests were all products
from the same manufacturer, with a rated COP in the range of approximately 4.1 to 4.3 (in cooling opera-
tion). These field tests were conducted in the country’s northern region (cold climate) and the central region
(temperate climate). Data collection for analysis was performed using a newly developed device shown in
Figure 2.4.2-1. This device sends operational data from the outdoor unit's control panel to a cloud server.
On the cloud server, real-time calculations of VRF performance and other metrics are performed based on
the transmitted data. The main analysis results related to the energy performance of VRF are as follows.
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Figure 2.4.2-1. Data collection device
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Table 2.4.2-1 shows the climate zone-specific average COP and average load ratio (actual capacity /nomi-
nal capacity) during heating and cooling in the field tests. The average load ratios are low, especially in the
northern area (cold climate) where it is 19.6%, indicating prolonged low-load operation due to oversized
equipment capacity. Generally, VRF systems are designed to achieve peak efficiency at load ratios approx-
imately 50% to 60%, so inefficient operation at low load ranges decreases in COP.

Table 2.4.2-1. Average load ratio and COP

Northern Area Central Area
Operation Cooling | Heating | Cooling | Heating
Ave. Load ratio (%) 22.3 19.6 33.6 23.8
Av. COP 2.4 1.7 2.9 1.9
Rated COP ratio (%) | 58.5 41.5 70.7 46.3

As in Figure 2.4.2-2, when outdoor units are installed nearby, the exhaust heat from the condenser of Unit
B can reach the neighbouring outdoor unit (A), causing a decrease in its COP. With a temperature differ-
ence of 20°C between the exhaust and outdoor air temperature, the COP decreases by approximately
21%. As a countermeasure, installing a shielding panel between Unit A and Unit B eliminates the interfer-
ence of exhaust heat, making the COP of Unit A almost equivalent to that of Unit B.

Figure 2.4.2-2. Impact of Exhaust Heat Short-circuit

The behaviour, power consumption, indoor unit suction air temperature, outside temperature, and COP val-
ues during defrost operation in winter heating are illustrated in Figure 2.4.2-3. Power consumption sharply
increases at the onset of defrost operation, temporarily reaching approximately twice the rated power con-
sumption. Defrost operation occurs at a frequency of approximately once every two hours after the start of
operation. When defrost operation is performed, the average COP value for the same day is typically re-
duced by approximately 55% compared to normal operation.
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Figure 2.4.2-3. Defrost during heating operation

Since VRF has multiple indoor units connected to one outdoor unit, it accommodates the capacity demands
of indoor units with lower set temperatures. Therefore, energy consumption increases compared to when
set temperatures are uniform (Figure 2.4.2-4). Table 2.4.2-2 compares average set temperatures, standard
deviation, average COP values, and average power consumption per unit of time in both states. The varia-
tion in set temperatures leads to a decrease in average COP and an increase in energy consumption by
approximately 9%.

Average Setting Temp,

30 Average Setting Temp,
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| 29 -
28 4
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Figure 2.4.2-4. Condition of Indoor Unit Set Temperatures

Table 2.4.2-2. Impact of Variations in Set Temperatures of Indoor Units

Set Temp Average Set Standard Average | Percentage change

Condition Temp [°C] Deviation [°C] COP of energy use [%]

Uniform 26.7 0.11 2.54 -
Non-uniform 25.6 0.94 2.26 +8.9

A follow-up project was carried out in 2011 (Building Research Institute, 2011)the project, three major Jap-
anese manufacturers of RACs and a Japanese public testing laboratory (JATL: Japan Air Conditioning and
Refrigeration Testing Laboratory) actively joined the dedicated team and provided technical support for
measurements that were as accurate and transparent as possible. Four types of RACs were dealt with in
the project. Before the field monitoring, the characteristics of the four RACs, especially the relationship be-
tween fan frequencies and airflow rates, were tested using the JATL test facility.

For cooling, the frequencies of appearance of the partial load ratio and COP for each range of the partial
load ratio are shown in Figure 2.4.3-1. Seasonal average COPs written in the figure are the ratios of the
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total cooling or heating load, which was dealt with by RACs when switched on to the total electricity con-
sumption.
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Figure 2.4.3-1. Frequencies of appearance of partial load ratio and COP for each range of the par-
tial load ratio (Cooling)

RAC-A and RAC-B were installed side by side in the living room and were operated alternately every two
weeks. The average outdoor temperatures for RAC-A and RAC-B were 29.2 °C and 26.6 °C, respectively.
The peak range of appearance of the partial load ratio for RAC-A was 25%, while one for RAC-B was only
15%. For other RACs, frequencies of partial load ratio between 10% and 15% were higher than other
ranges, and the actual partial load ratio for RACs used for cooling in a typical Japanese detached house
needed to be very low.

On the other hand, the average COP for every 15 minutes under a partial load ratio below 25% was as high
as or even higher than one under a partial load ratio above 50%. The COP of RAC-B below the partial load
ratio of 20% was especially high, presumably due to lower outdoor temperature.

Figure 2.4.3.2 shows the relationship between partial load ratio and COP for different outdoor temperature
ranges for cooling. In the figure, COPs for full capacity, rated capacity, and middle capacity are also plot-
ted. There is a general tendency for COP to decrease under the partial load ratio between 0% and 20% for
all monitored RACs. However, for RACs with larger capacity, such as RAC-A and RAC-B, COP could be
maintained at the same level, above 20%, even below the partial load ratio of 5%. If the test result of COP
for middle capacity (under 35 °C outdoor temperature) is compared with the monitored the actual COP for
RAC-A, the actual COP under 33+£1.5 °C and 36+1.5 °C outdoor temperature was approximately 30%
lower than the test result for the middle capacity. For RAC-C in the second living room and in the main bed-
room, the actual COP was approximately 50% lower than the COP for middle capacity, even though actual
indoor temperature in those rooms with RAC-C was around 24 °C, which was lower than the set-point tem-
perature for cooling (26 °C) presumably due to the characteristics of the products used in the monitoring.
On the contrary, for RAC-D in child room 1, the actual COP under 30+1.5 °C outdoor temperature was only
slightly higher than the COP for middle capacity. For RAC-D in child room 2, the actual COP under

33+1.5 °C was almost the same for middle capacity. Therefore, it can be said that the test result for middle
capacity (with compressor frequency fixed) of RAC-D could represent actual COP in the monitoring.
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Figure 2.4.3-2. Relationship between partial load ratio and COP for different ranges of outdoor temperature for
monitored five RACs (Cooling)

For smaller heat pump systems, such as room air conditioners and VRF systems, establishing measure-
ment systems for field monitoring is feasible. However, if the capacity of a monitoring target is several hun-
dred kW or larger, it is not realistic to install additional water flow meters and temperature sensors in exist-
ing target systems. However, many large-scale buildings (i.e., 30,000 m?2 floor area) usually have their
building energy management systems (BEMS) with sensors and data logging systems, and there is a pos-
sibility to obtain support from relevant stakeholders, namely building owners, HVAC designers, installers of
HVAC systems and manufacturers of control systems.

The following case (Ueno et al., 2022, Ueno, 2022) is an office building with a 32,000 m2 gloss floor in To-
kyo. In this case, the primary motivation of the building owner and the HVAC designers was to engage ex-
perts from third parties with neutral standpoints when they evaluated improvements in the energy perfor-
mance of the building after the energy retrofit, including the replacement of heat and cold sources. Another
important factor for successful monitoring and analysis is the reliability of BEMS and that it is carefully de-
signed, installed, and maintained. It is not always possible to use this kind of useful BEMS when we try to
analyse the behaviour of HYAC systems, including the characteristics of heat pump systems.

Figure 2.4.4-1 shows the configuration, including those generators and primary water circuits. Figure 2.4.4-
2 shows monthly energy consumption for different system components, where energy consumption for heat
sources is shown in the blue part at the bottom of each monthly bar.
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Figure 2.4.4-1. Configuration of heat and cold genera-
tors and primary hot and cold water circuit, etc.
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Figure 2.4.4-2. Monthly energy consumption for differ-
ent components of the energy system

Figure 2.4.4-3 shows the total cooling capacity supplied by the cold sources in the middle season (May)
and in the summer season (August). The annual peak of the total hourly cooling load appeared at 9 AM on
the day shown as a representative of the summer season in Figure 2.4.4-3. In both seasons, the maximum
hourly cooling load appeared at the beginning of the daily operation of the HVAC system. To cope with the
cooling load, a screw chiller (‘WC’ in Figure 2.4.4-1) was primarily operated, and the screw chiller dealt with
58.1 % of the total annual cooling load. Figure 2.4.4-4 shows the cooling load dealt with by each cold gen-
erator and cold generator system’s COP (primary energy basis with 9760 kJ/kWh and 1 kJ/kJ as primary
energy conversion factors for electricity and city gas, respectively) during the same week shown in the pre-
vious figure. The cooling load dealt with by each cold generator is calculated by multiplying the temperature
difference between the inlet and outlet water temperature and the water flow rate.
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Figure 2.4.4-4. Cooling load dealt with by each cold generator and cold generator sys-
tem’s COP

Figure 2.4.4-5 shows the relationship between COP (primary energy basis) and part load ratio. The data in
the figure includes the statuses of the cold sources under different conditions for temperatures of inlet/out-
let and cooling water. It is important to notice orange dots, which are predicted COP according to the char-
acteristic curves (as shown in Figure 3.3.4-5 in Chapter 3 in this report) prescribed for BECS’s energy use
calculation. The rated COPs on a primary energy basis for the two kinds of cold sources are 1.37 for the
screw chiller and 1.05 for the absorption chiller system (‘RH1’, ‘RH2’, ‘RH3’ in Figure 2.4.4-1). The differ-
ence between predicted COPs around the partial load ratio of 1 and the rated COPs is the usage of so-
called adjustment coefficients for capacity (0.95) and input energy (1.2), prescribed for BECS.
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Figure 2.4.4-5. Relationship between COP (primary energy basis) and partial load ratio
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To study the operational efficiency of a MBC-HP (magnetic bearing variable-speed centrifugal heat pump),
Deng et al. (Deng et al., 2023) conduct field test on a practical project. As shown in Figure 2.4.5-1, a MBC-
HP was applied in a heat exchange station in a municipal central heating system. Where the evaporator-
side water of MBC-HP extracted heat from the return water of the primary central heating network through
heat exchangers. To decrease the return water temperature of the primary central heating network to in-
crease the heating supply ability of the district heating system, but also reduce water transport energy con-
sumption by increasing the supply and return water temperature difference. Then the MBC-HP supplied
heat to the secondary heating network for space heating.

0 191009 r-1009
Buildings Q) E g g :
(P QP : jg g fole ﬁ ® |, Retum water of primary
Condenser-side :_ ——1 1 s' Heat exchangers central heating network
water pumps MBC heat pump evaporator-side
water pumps
((P Water flow measuring point \ i ,

@ Temperature measuring point
(‘P Water pressure measuring point

@ Electric power measuring point

Figure 2.4.5-1. Schematic diagram of the MBC-HP system

Figure 2.4.5-2 shows the hourly heating load of the project, the maximum heating capacity of MBC-HP
reached 1004.3 kW with a partial load ratio of 95.2%. Then the heating capacity gradually decreased to
about 582.3 kW at the end of the heating season, with a partial load ratio of 55.2%. During 57-days opera-
tion, the average heating capacity reached 765.4 kW with an average partial load ratio of 73.0%.
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Figure 2.4.5-2. Field-test heating load and part load ratio of MBC-HP

As shown in Figure 2.4.5-3, as the MBC-HP operated in conditions with high evaporator-side water temper-
ature, the COP: (theoretical COP) reached higher than 9.35. And with the decreasing of Tco (outlet water
temperature of condenser) and increasing of outlet water temperature of evaporator, the condensing tem-
perature decreased and evaporating temperature increased, leading to the obvious increasing of COP;
from 9.35 to 15.87. The high operational COP: contributes to the high operational COP of MBC-HP. During
the field test period, the COP varied from 7.30 to 11.18 with an average value of 8.78.
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Figure 2.4.5-3. Operational energy performance of MBC-HP

Figure 2.4.5-4 depicts the influence of Tce (normalised temperature difference between condensing and
evaporating temperature) and partial load ratio on nnp (internal efficiency of heat pumps) of MBC-HP. The
results show that with Tce increasing from 0.30 to 0.80, and PLR (partial load ratio) increasing from 0.40 to
1.0, the nnp increases initially, then gradually decreases. Among the 57-days operation, the average nnp of
MBC-HP reached 0.75, with 86.7% of nnp higher than 0.70, 67.5% of nnp higher than 0.75, and 10.3% of nnp
higher than 0.78. For the rated performance of MBC-HP, the COP: of the rated operational conditions
reached 7.96. Then, with the rated COP of 5.12, the rated nnp of heat pump reached 0.64. The MBC-HP
has higher nnp in conditions with partial PLR and Tce, than the rated condition. Therefore, the MBC-HP has
good regulation features, and performed efficiently in conditions with wide-range variation of heating load
and compression ratio, which might fit the operation features of MD-GHPs very well.
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Figure 2.4.5-4. Influence of Tce and PLR on nnp of MBC-HP

Case 6 to Case 8 are the cases for European projects and the projects conducted in IEA Heat Pumping

Technologies TCP. Relevant figures and tables can be obtained through the websites of the projects.

Two German monitoring projects are reviewed here. The first one called ‘WP Efficiency’ was conducted be-
tween October 2005 and September 2010 (Miara&Kramer, 2011). The project was conducted by Fraunho-
fer Institute for Solar Energy Systems (Fraunhofer ISE), half funded by the Federal Ministry of Economics
and Technology and was supported financially and technically by seven heat pump manufacturers and two
energy supply companies. The project focused on heat pumps in mainly new energy efficient (highly
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insulated) residential buildings. Among systems evaluated in the project, 56 ground source to water, 18 air
to water and 3 water to water heat pump systems were included. All of them were used for both space
heating and domestic hot water.

As a key index, seasonal performance factor (SPF2), which is calculated as the ratio of the total outputs
from a heat pump unit and a back-up heater to the total energy consumption by a fan (or a pump), a back-
up heater and a heat pump unit, is used in the report. For air source heat pumps, the annual average sea-
sonal performance factor for three years was 2.89. In the last chapter of the report, detected errors and im-
provement suggestions for design, installation and operation are described. The chapter touches upon the
fact that lower temperature of the heat sink and higher temperature of the heat source is preferable for im-
proving the heat pump’s efficiency. It also mentions that the most efficient systems were those which
charged the heating circuit directly with no buffer tank.

The second German called ‘WP Monitor’ was performed from December 2009 to June 2013 and was sup-
ported financially and professionally by eleven heat pump manufacturers and an energy supply company.
In the report (Gunther et al., 2014), mean values and distributions of annual performance values, which
were calculated based on JAZ2, the same boundary mentioned above. Hot water temperatures for air-to-
water systems were also reported. The average temperature of the hot water provided to the tank for space
heating was in the range between 39.8 °C and 27.0 °C, while the average temperature for the domestic hot
water tank was in the range between 53.2 °C and 27.0 °C (analysis for 35 air source heat pumps, Figure
32 in the report) (Glnther et al., 2014).

Recent results of the field measurements of heat pump systems were reported in the Annual report of the
project funded by Swiss Federal Office of Energy (Prinzing et al, 2020). The field measurements were con-
ducted by Eastern Swiss University of Applied Sciences in 23 heat pump systems (11 ground heat source
systems and 12 air source systems). Only new heat pump systems that were installed mainly in a single-
family home (newly built or renovated) were monitored.

Monitored heat pump systems seem to have parallel hot water circuits for domestic hot water and space
heating, and they have a hot water tank only for the DHW. There was a description of the use of the electric
heating element in the tank as a countermeasure for preventing Legionella disease.

IEA HPT Annex 36 ‘Quality Installation / Quality Maintenance Sensitivity Studies’ was launched in Novem-
ber 2010 and closed in November 2013 (IEA, 2014). The Annex 36 aimed at providing useful information to
reduce energy usage by encouraging use of quality heat pump installation and maintenance practices to
industry, policy makers and building owners/operators. It included Task 3 ‘Field investigation, Modelling
and/or lab-controlled measurements’, for which a centralised air-to-air heat pump (by French team), ten
Japanese heat pump water heaters (also by French team) and a large-scale field trial of domestic heat
pumps for space and water heating (by UK team) were conducted.

The outputs from the Annex 36 should be useful not only for Subtask B2 for monitoring but also for Subtask
D for design guidelines, since the Annex was focused on faults to be overcome to improve energy effi-
ciency of heat pump systems.

IEA HPT Annex 37 ‘Demonstration of Field Measurements of Heat Pump Systems in Buildings, Good Ex-
amples with Modern Technology’ aimed at presenting examples of domestic heat pump systems with good
performance (IEA, 2016). Data from 12 heat pump systems (6 ground source and 6 air source heat pumps
installed in the years 2008-2012, 2 among 12 were only for space heating) in residential buildings were an-
alysed in detail to illustrate the principles of design and installation that ensure good performance. Sea-
sonal performance factors, SPFn3 and SPFra (subscripts, H3 and H4 mean boundaries when calculating
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seasonal performance factors) were mainly used to express energy performance of the 12 heat pump sys-
tems.

Before the Annex 37, a preceding European project called ‘SEPEMO’ was conducted from 2009 to 2012
(Nordman et al., 2012). The main body of the project included 1) collection and evaluation of past and pre-
sent field measurements on heat pump systems, 2) evaluation of existing methods for field measurement
and calculation of seasonal performance factors, and 3) improvement and extension of existing guidelines
for field measurement to include all types of heat pumps. Guidelines for heat pump field measurements
were included in the deliverables from the projects (Zottl et al., 2011; Riviere et al., 2011).

IEA HPT Annex 49 ‘Design and Integration of heat pumps for nearly Zero Energy Buildings’ was conducted
from October 2016 to May 2020 with its objective for ‘field monitoring of marketable and prototype heat
pumps in nZEB (IEA, 2020a). In 14 nZEBs plus 3 groups of buildings including residential, office and other
non-residential buildings (hotel, kindergarten, school and supermarket), especially larger buildings, monitor-
ing wad made. The results from the monitoring projects are reported in Annex 49 Final Report Part 2 (IEA,
2020b). Only one air-source heat pump was monitored, and most targets of the monitoring were ground-
source heat pumps. Several general conclusions are described in the concluding chapter, such as the rec-
ommendation of heat pumps with variable speed drive, the recommendation of natural refrigerants (e.g.,
propane, CO2 and ammonia), the recommendation of utilising surplus heat at different temperature, and the
recommendation of heat recovery from surplus heat sources.

IEA HPT Annex 52 ‘Long-term performance monitoring of GSHP systems for commercial, institutional, and
multi-family buildings’ was conducted from January 2018 to December 2021 with an aim to survey and cre-
ate a library of quality long-term performance measurements of GSHP (Ground source heat pump) sys-
tems (IEA, 2022a). All types of sources (rock, soil, groundwater, surface water) were included in the scope.
The guidelines provided by ‘SEPEMO’ project were refined and extended in Annex 52 and formalised in
guidelines documents (IEA, 2022b; 2021a; 2021b).

With the goal of energy saving and low carbon emissions, building energy management has raised great
attention. As a convenient air-conditioning equipment for space cooling and heating, heat pump is widely
used worldwide. To investigate the field performance of heat pumps, much research concentrates on three
measurement methodologies, including the water temperature difference method, air-specific enthalpy dif-
ference (AE) method, and refrigerant-specific difference (RE) method. For water-cooled VRF, the water
temperature difference method can be applied. Meanwhile, for air-to-air VRF, only AE and RE method are
accessible in the field performance test. Compared with the AE method, the RE method is more suitable for
long-term measurement. According to Section 2.2, field performance test technologies realise better than
25% accuracy at the current state-of-the art. Considering the technical difficulties and random operation in
field tests, there are currently methods that can achieve a 10~15% relative error.

The actual performance of the heat pump was investigated by applying different field performance meas-
urement methods in actual buildings. Actual operation characteristics were analysed by measuring and
tracking heat pumps installed in actual buildings. In addition, field performance measurement methods
were applied in related standards, providing feasible approaches and important indexes for performance
testing, evaluation, and system retrofitting.

According to Sections 2.1 to 2.4, further promising research directions on-field performance of heat pumps
may include the following five points:

(1) First, it is necessary to put more efforts into measurement accuracy improvement for all types of

heat pumps in different operation conditions. Current studies rarely involve field performance
measurement methods in heat recovery mode for heat recovery heat pumps. Measurement
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accuracy for heat pump field performance in two-phase suction conditions and dynamic condi-
tions remains to be improved in further studies. In addition, with the demand for individual energy
management and individual billing for different terminals and occupants based on cooling/heating
capacity, performance metering technology for individual indoor units should be further studied.

(2) Second, the field performance data provide basic data for related energy policies and standards
studies. Through the actual performance of heat pumps, energy-efficient approaches were inves-
tigated, which promotes the construction and development of energy policies and standards.

(3) Third, energy-efficient system evaluation and design methods for heat pumps based on actual
performance remain to be studied. Appropriate evaluation methods for field monitoring and lab
testing remain to be studied. According to the measurement and evaluation results for the actual
performance of heat pumps, problems that decrease field energy efficiency can be discovered.
Thus, it is of great significance to improve actual efficiency by optimising system design and siz-
ing methods.

(4) Fourth, further research on system control, commissioning, and management benefits from actual
operation data. Better system control and management strategies that improve actual perfor-
mance can be investigated. In addition, more economical cooling/heating solutions can be pro-
vided to occupants. In addition, field performance tests help determine the actual cooling/heating
demand of occupants, which promotes the development of “demand-side response” energy sup-
ply conformation and proper consumption of renewable energy in the future. Devices that in-
stantly measure the performance of heat pumps serve as an alternative to heat load sensors in
buildings (Heat pump output = Building heat load). By clarifying the relationship between fluctua-
tions in indoor heat load and the heat pump output, it becomes possible to identify the amount of
energy saved through various energy-saving measures. This enables the development of precise
tuning techniques related to improved energy efficiency.

(5) Fifth, if users can easily understand the performance and operational status of a heat pump sys-
tem, it contributes to the improvement of the system by identifying areas for enhancement. For
example, in automobiles, installing a globally standardised On-Board Diagnostics (OBD) system
is mandatory, allowing relatively straightforward monitoring of operational conditions in various
components and facilitating the identification of faults. In the future, it is desirable for heat pump
systems also to adopt a common interface similar to OBD for improved system performance.
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