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Abstract

A holistic evaluation is performed to investigate
the energy performance of air-to-air split units
(also called air-conditioning units), including
laboratory measurements and steady-state
simulations of the refrigerant cycle. Several
aspects are considered, such as indoor fan
speed, varying compressor frequency, defrost
and “on/off” cycles. The laboratory
measurements include steady-state test points
as well as dynamic operation.

The measured Coefficient of Performance (COP)
varies from 1.8 to 4.9, and the maximum
measured heating capacity was 2.5 kW, close to
the nominal value of 2.7 kW. The measured
reduction due to the defrost cycle was up to 14%
in the heating capacity and 16% in the COP. It
was also found that the indoor air flows were on
average 40% less than the ones listed in the
datasheet.

Introduction

Split air-to-air heat pumps could be a cost-
effective decentralized solution for space heating
(and optional cooling) in central European
climates (Konrad and MacDonald 2023) in the
case of renovation of multi-apartment buildings
targeting low heating loads and decarbonization
(Eguiarte et al. 2020),(Carroll et al. 2020). Their
benefits are low costs and low space
requirements. From an architectural and
aesthetic point of view, the split unit might not be
the best option, especially in central Europe,
where people are not used to them and for
example in case of many outdoor units installed
in a facade. In addition, the operation in silent
mode (lowest indoor fan speed) is suggested due
to sound emissions (Feist 2022).

Comparing the in-situ performance of heat
pumps versus design is important for quality
assurance. In a case study of an installed air-to-
water heat pump, the measured seasonal
performance factor was 40% lower than the
calculated (Hegarty et al. 2022). Although these

split units are commonly used, for example in
Mediterranean countries mainly for cooling, their
energy performance is hard to be evaluated (Li et
al. 2024), both in laboratory measurements and
in real operation conditions, due to their
construction and the difficulty in accurate
measurement of the indoor air flow.

In this study, an air-to-air split unit heat pump is
measured in the laboratory, based on a
developed measuring methodology (Feist 2022).
The performance of this heat pump is evaluated
in detail and several steady-state operation
points are derived. The measured results are
used to calibrate a refrigerant cycle model, which,
once validated, may expand the test points for a
complete performance map. A related question is
the identification of the minimum required test
points for deriving the performance map with the
refrigerant cycle model.

Methodology

An air-to-air split unit with a nominal heating
capacity of 2.70 kW (at an outdoor temperature
of 6 °C) was measured in the laboratory and
evaluated concerning capacity, consumption,
and performance. The results are further used to
calibrate a steady-state refrigerant cycle model.

Laboratory equipment

Figure 1 presents a scheme of the test rig,
including the measuring points and Figure 2 a
photo of the laboratory device (Feist 2022). The
inlet indoor air temperature is measured at the
upper grid as the average of the grid with
thermocouple sensors. Similarly, the outlet
indoor air temperature is measured at the lower
grid. A set of fans is operating at the lower grid to
ensure that the heated air exits at atmospheric
pressure (compensation for the additional
pressure drop due to the box). The outlet air is
directed to the calibration duct so that the volume
flow of the indoor unit is measured continuously
during operation. The electricity consumption of
the unit as well as the outdoor inlet and outlet air
temperatures are measured.
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Figure 1: Scheme of the test rig and the monitoring points.
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Figure 2: Photo of the measuring device.

Thus,
calculated based on the following equation:

the condenser heating capacity is

Qcond = Vl P Cp ' (ﬁi,out - ﬁi,in) 1)

Q.ong: Heat Capacity of the condenser; V;:
volume airflow of the indoor unit; p : density of

air; C,: specific heat capacity of air; 9; ,,,.: outlet
temperature of the indoor unit; ;;: inlet
temperature of the indoor unit.

Volume flow calibration

Since the accuracy of the volume flow plays an
important role in the evaluation of the thermal
capacity, it was calibrated using an external
(already calibrated) duct that was connected to
the bottom outlet of the fans (see Figure 3),
similar to Ref. (Konrad and MacDonald 2023).
Figure 4 presents the volume flow results,
including the values from the manufacturer’'s
datasheet. A correlation fitting curve was
introduced to calculate the indoor volume flow
based on the measured pressure difference. The
values from the manufacturer datasheet are
significantly higher (up to 1.65 times higher) than
the measured ones. Similar behaviors and
differences to the datasheet are also found in
literature (Williamson and Aldrich 2015).
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Figure 3: Photo of the duct used for the calibration of
the indoor volume flow.

Vi = 107.3 - APf1,>° (2)

V;: volume airflow of the indoor unit, 4P,
Measured pressure drop of the indoor air flow.
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Figure 4: Calibration of the indoor volume flow —
measured points and derived curve - including values
from the datasheet.

Measuring method

The goal was to measure both steady-state and
dynamic behavior of the unit. The first is to

develop a performance map for a simulation
model (both simple for design and/or detailed for
dynamic simulation), and the second is to
consider the dynamic effects and include them at
a later stage in a dynamic simulation model.
Thus, the aim was to measure many operation
conditions and derive a performance map that
can later be extended using the refrigerant cycle
model and by that to estimate the minimum
operation points that are required to construct a
realistic performance map of the unit.

The source (ambient) temperature could not be
fixed or controlled since the outdoor unit is
located outdoors. The controller of the unit is not
set to a fixed compressor speed as in standards
such as EN 14825 (European Standards 2022),
but it was operating as in a real environment. The
unit is measured at various indoor fan speedsii.e.,
low, medium, high, and auto, and various
operation targets, i.e., with an opened external
door to force the unit to operate at maximum
compressor speed or with an additional indoor
heater to operate in on/off mode.

An algorithm was developed in MATLAB to
automatically find steady-state periods in which
the measured variables remain almost constant,
and each one of these periods represents a
measured test point.

Dynamic measurements are shown in Figure 5,
including examples of “steady-state” periods, i.e.,
the electric power, heating capacity, and source
and sink temperatures are on a plateau (black
squares in Figure 5). To account for the steady-
state test point, the measured parameters should
not exceed the predefined ranges for a minimum
duration of 15 minutes. The ranges are set to
+10% in the case of electric power and heating
capacity and 05 K for the measured
temperatures.

It is also noted that at the beginning of operation,
the unit always operates with maximum
compressor speed, so as to be heated up as fast
as possible, and then the speed is controlled
based on the indoor requirements, e.g. the set
point temperature as shown in Figure 5. It has to
be noted, that in the measurements, it seems that
the setpoint temperature is not reached,
however, there is a difference (or shift) between
the indoor room temperature and what the unit
measures itself, since what the unit measures is
strongly influenced (during operation) by the heat
loss of the indoor unit, and this effect is further
increased by the use of the “measuring box”.
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Figure 5: Operation of the split unit heat pump and identified steady-state test points.

COP evaluation

The COP is evaluated also through the Carnot
cycle and compared to the measured points. The
theoretical COP of the Carnot cycle is calculated
for every point as follows:

9 out+273.15 3)
COPcarnot: COP Carnot; 9; o: oOutlet temperature
of the indoor unit; 9,;,: inlet temperature of the
outdoor unit.

COP.grnor =

191’,out - 19e,in

The Carnot performance factor is then evaluated:

copP
Nearnot = m (4)
Nearnot:  Carnot  performance factor; COP:

Coefficient of Performance.

Refrigerant cycle model

The steady-state refrigerant cycle model was
developed in MATLAB (Monteleone et al. 2024).

Inputs to the model were the inlet outdoor
(source) and outlet indoor (sink) temperatures,
and the air volume flows of indoor and outdoor
units. The main output parameters to evaluate
the model are the thermal capacity of the
condenser and the electric power of the
compressor. The parameters varied to calibrate
the model are presented in Table 1. As expected,
the speed of the compressor has the highest
impact on the outputs of the model.
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Table 1: Varying parameters to calibrate the model to
the measured test points.

Inputs Unit

Compressor speed RPM

Isentropic efficiency

Volumetric Efficiency

Evaporator ATsuperheating K
Pinch point temperature difference in K
the evaporator
Results and discussion
Heating capacity
The heating capacity of the derived

measurement points is depicted in Figure 6,
together with the data of the manufacturer. The
heating capacity from the manufacturer’s
datasheet is close to the measured ones around
0°C outdoor temperature. This is another
indication that the volume flows on the datasheet
are overestimated compared to the real ones,
since the heating capacities between
measurements and datasheet are comparable.
The datasheet’s values are slightly lower than the
laboratory measurements around 0 °C, since
defrosting is included, while in the measurements
is not.

At the range from 10 °C to 12 °C, the measured
points are not at maximum compressor speed,
even though the set point temperature was not
approached. In fact, there are measurements
with an opened external door and a set point of
30 °C, in which, the compressor automatically
reduced the speed after the first 18 minutes of
operation  without fulfilling the desired
temperature needs (see also Figure 5). Thus, in
the case of measurements with “locked” speed
(e.g., from the datasheet), high capacity can be
reached, but that is not the case in real operation.
In other words, the heating capacity of the split
unit during operation is less than the one reported
in datasheets. This is suggested to be considered
during design.
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Figure 6: Heating capacity of the heat pump -
measured test points and datasheet values for
different indoor fan speed modes.

Figure 7 shows that, for a constant indoor fan
speed, the heating capacity correlates well with
the difference between the set point and the room
temperature. This can be considered in the
modeling of the control system of the split units in
dynamic simulations.

Remark: The room temperature is different from
the temperature measured by the unit as a room
temperature, since it is strongly influenced by the
operation of the unit due to heat losses of the unit
and since it is inside the measuring box. The high
temperature difference is due to the “open
external door” aiming to reach maximum
compressor speed.
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Figure 7: Heating capacity of the unit versus
temperature difference between the set point and the
room temperature for different indoor fan speed
modes.
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COP

Figure 8 shows the COP of the measured points
versus the temperature difference between the
sink and the source, i.e., the outlet temperature
of the indoor unit and the outdoor temperature. A
good correlation can be observed, with the COP
varying from 1.8 up to 4.9. In the datasheet, a
COP of 4.3 is mentioned, but without any
temperature conditions. The largest COP is
observed at low compressor speeds. Those
results shows reduced performance in operation
versus values in datasheet, showing the need for
improved measuring/certifying methods for such
systems.
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Figure 8: COP of the measured test points versus the
temperature difference between sink (indoor outlet)
and source (outdoor inlet) for different indoor fan
speed modes.

The average Carnot performance factor (see
Equation 4) of the measurement points is 0.29,
with a minimum of 0.25 and a maximum of 0.32.
In Figure 9, four curves are displayed calculated
with the average Carnot performance factor (see
Equations 3 and 4) for four different indoor outlet
(sink) temperatures. Almost all the measured
points lie between the curves. The minimum and
maximum measured indoor outlet temperatures
are 26.4°C and 50.5°C, respectively. From
those results, it seems that to model the split unit
with the Carnot performance factor method could
be an acceptable simplified approximation. This
can also be observed in Figure 8, since the COP
is well correlated to the temperature difference
between the sink (indoor outlet) and the source
(outdoor inlet). However, there are still
deviations. For example, at a temperature
difference of 35 K, the COP varies from 2.1 up to
2.9, while with the Carnot method, between 2.3
and 2.4. Those results prove that the Carnot

method can be used as a simple approach i.e.,
for calculation tools for engineers and planners,
and that the use of source inlet and sink outlet

temperatures in the Carnot method is
recommended.
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Figure 9: COP of the measured test points and curves
calculated based on Carnot performance factor
(Equation 4) for different sink temperature (outlet of
indoor unit).

Electric power

The electric power is correlated to the outlet
temperature of the indoor unit, depending also on
the compressor speed, as shown in Figure 10.
Similar findings are observed in Figure 11. The
minimum and maximum power consumption are
240 W and 1300 W, respectively.
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Figure 10: Measured electric total power versus
temperature difference between the set point and the
room temperature for different indoor fan speed
modes.
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Figure 11: Measured electric total power versus
outdoor temperature for different indoor fan speed
modes.

Defrosting operation

Defrosting cycles are also investigated, as shown
in Figure 12. The measurement point starts at
07:29 and stops at the end of the defrost cycle at
09:18. Figure 13 shows the impact of the defrost
cycle on heating capacity and COP in relation to
the ratio of the defrosting cycle duration and the
complete test point duration, including defrosting
(see Figure 12). The reduction due to defrosting
varies from 2% up to 16% for the COP and from
2% up to 14% for the heating capacity. Similar to
the datasheet, the peak reduction of the heating
capacity due to defrosting is 14% at 0 °C (Guo et
al. 2008).
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Figure 12:. Laboratory measurements including
defrost cycles (at 07:22 and 09:12).
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Figure 13: Reduction of heating capacity and COP
due to defrost cycle depending on the ratio of
defrosting duration and complete test point (see
example in Figure 12)

Refrigerant cycle model calibration

Figure 14 shows the temperature — enthalpy
diagram of the refrigerant cycle. The model has
as output the 9iin of 16.4 °C, and the measured
point was 15.9 °C. The electric power of the
compressor (model output) is 1057 W, while the
measured total electric power is 1300 W. The
later value includes the consumption of the
control system as well as the indoor and outdoor
fan consumption. Therefore, the power difference
is getting smaller and below 10% (by assuming
approximately 150W for fans and control).

Refrigerant cycle T-h diagram
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Figure 14: Temperature-enthalpy diagram of the
refrigerant cycle including the indoor and outdoor air
flows.
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Conclusions

An air-to-air split heat pump is measured in the
laboratory. Several operation conditions are
measured including various ambient, indoor set
point, and sink temperatures (indoor outlet),
indoor fan speed modes and compressor
speeds, including also defrosting and on/off
cycles. The measurements are used to calibrate
a steady-state refrigerant cycle model, aiming to
expand the performance map and identify the
minimum required measured points.

The results show that the heating capacity of the
unit was in the range of the manufacturer,
however, this was not true for high ambient
temperatures since the controller reduces the
speed even if the heating load is not covered. The
indoor volume flow is 34% up to 46% less than
the one found in the datasheet.

The curves derived using the Carnot cycle
method have a good correlation to the measured
test points, indicating that it can be used if there
is limited available data. The average Carnot
performance factor for that unit is 0.30. Besides,
the operation of the unit seems to be controlled in
such a way that for ambient temperatures higher
than approximately 8 °C, the compressor speed
decreases (which also means a lower indoor
outlet temperature), leading to high COP values.

The measurements considering defrost cycles
showed a maximum reduction of 14% in the
heating capacity and 16% in the COP.
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