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Performance Analysis of Air-to-
Water Heat Pump Systems Using
R290 Refrigerant Adapted to
Nordic Climates
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Air-to-water heat pumps (AWHPs) with propane (R290) as working fluid have gained attention as efficient and
environmentally friendly space heating solutions. This study conducts field tests and analyzes the performance of
an R290 AWHP heating system during winter operation in Oslo, Norway. Field observations demonstrate effective
defrost operations, resulting in reliable heating performance and high energy efficiency under cold and humid
outdoor conditions. A field-measurement-based model is developed to evaluate seasonal performance of R290
AWHP systems under Nordic climate conditions, providing valuable reference data for their application in one of
the most challenging environments for heat pump operation.

he importance of adopting high-efficiency
heating systems, such as air-to-water heat pumps
(AWHP), is growing in Europe, as heating-
related energy consumption accounts for a significant
portion of building energy use [1]. However, their wide-
spread adoption has raised environmental concerns due

to the use of fluorinated refrigerants, including HFCs
and HFOs. Accordingly, the use of alternative refriger-
ants, including propane (R290) heat pumps, has been
highlighted due to a low global warming potential of 3,
high efficiency, and wide operating temperature range
suitable for space heating in cold climates [2].
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In cold regions, especially Nordic climates character-
ized by low temperatures and high humidity in winter,
AWHP performance degradation, primarily due to
frost accumulation, remains a critical issue requiring
attention [3]. Frost accumulation on the outdoor-coil
fins diminishes heat exchange efficiency and increases
compressor pressure ratio, ultimately leading to
abnormal heating operation and low energy efficiency
[4]. Although these issues may similarly arise in R290
AWHP operations, limited case studies are available on
their performance analysis under such cold and humid
climatic conditions.

In this study, an R290 AWHP system was installed in
an occupied building in Oslo, Norway, to investigate
its defrost operation, heating performance, and energy
efficiency during winter. Subsequently, system perfor-
mance over the entire heating season under Nordic
climate conditions was predicted using data-driven
modelling based on field measurements. This study
would contribute to proactively examining opera-
tional characteristics under real-ambient conditions
and predicting overall performance adapted to Nordic

climates, prior to the widespread adoption of R290
AWHP systems.

Field Test Overview
System description

Figure 1 illustrates the system configuration, including
the installation layout within the building at the
Oslo test site. The outdoor AWHP, supplied by LG
Electronics, utilizes R290 refrigerant. A mixture of
30% ethylene glycol and 70% water is used as the
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heat transfer medium between the AWHP and the
plate heat exchanger, to prevent freezing during the
winter heating season. The hot fluid mixture from the
AWHP transfers heat to the water circulating through
a buffer tank via a plate-type heat exchanger until the
target water temperature is reached. The heated water
stored in the buffer tank in the first-floor mechanical
room is distributed to radiators in each zone on every
floor. Detailed specifications of the AWHP are listed
in Table 1.

= Mixture of 30% ethylene glycol and 70% water line
= Water line

Radiator

3

Radiator
=

Buffer  Plate heat
Radiator tank exchanger

Figure 1. Schematic diagram of the R290 AWHP system
installed at the Oslo site.

Table 1. Specifications of the AWHP

Parameters

Outdoor dry-bulb

Leaving water

Heating capacity

Water flow rate (Rated at 5°C temperature difference)
Refrigerant type

Note:

temperature temperature Values
35°C 12.0 kW

7°C
55°C 10.0 kW
e 35°C 12.0 kW
35°C 11.8 kW

-7°C
55°C 9.3 kW

34.5 £/min
R290

1. Performance are in accordance with EN14511 and reflect ErP testing conditions.

2. Measuring procedure follows EN14511.

3. Seasonal coefficient of performance is in accordance with EN14825.
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The system was installed in a three-story office building,
featuring 14.3 m x 10.3 m x 9.32 m, located near the
harbor in Oslo, Norway. The system operated from
January 28" to February 26%, 2025, during which the
target water temperature (T, [°C]) for space heating
was manually set.

Operational data were collected at two-second inter-
vals, primarily using LG Monitoring View (LGMV)
software. The LGMYV software also recorded the system
defrost mode (0: inactive, 1: active), and webcam
footage was additionally used to monitor frosting
and defrosting of the outdoor coil. Outdoor relative
humidity was not directly measured and instead sub-
stituted with data from a nearby observation site [5].

The heat output from the AWHP (Q [kW]) was
calculated by multiplying the thermal capacitance of
the mixture (mM-c,) i : M [kg/s], ¢, [kJ/kg K]) by the
temperature difference between the condenser outlet.

(Tcand,a,mix [°C]) and inlet ((Tcond,z’,mz’x [°C]), as shown in
Equation (1). The input power (P [kW]) includes the
power consumed by all components, encompassing the
compressor, outdoor fan, pump circulating through
the plate-type heat exchanger, and controller. The coef-
ficient of performance (COP [W/W]) was calculated
by dividing Q by P, using Equation (2).

Q = (m ' Cp)mix X (Tcond,o,mix - Tcond,i,mix) (1)

CoP =Q/P (2)

The seasonal performance factor (SPF) was defined
as the average performance of a heat pump during
a year or the heating season. A previous report [6]
categorized SPF by system boundary, and this study
adopted SPF-H2, which calculates SPF within the H2
boundary. This boundary includes the heat pump unit
and auxiliary equipment supplying the heat source
(e.g., fans and pumps), while excluding the backup
heating system, buffer tank immersion, and building-
side distribution equipment. Accordingly, SPF-H2 was
calculated as the ratio of cumulative heat output (Q) to
cumulative input power (P) within the H2 boundary
over the field-test periods, with units of kWh/kWh,
as shown in Equation (3).

SPF = Z Q/Z P (3)

Field Performance Analysis

Figure 2 presents a scatter plot of outdoor dry-bulb
temperature (T,, [°C]) versus relative humidity
(RH,, [%]) under conditions in which defrost opera-
tions were observed during field testing. The colour
bar indicates the duration of each defrost event.
The average duration of all observed defrost opera-
tions was estimated at 5.10 minutes, with durations
ranging approximately from 2 to 8 minutes. Notably,
defrost durations were actively controlled and strongly
affected by RH,,, more than by T,,, increasing with
higher RH,,, which favours frost formation and
growth. The observed outdoor condition range and
corresponding defrost durations will be used for
defrosting modelling and performance prediction in
Nordic climates in the following sections.

Figure 3 illustrates detailed defrost performance
observed during field testing. Figure 3(a) presents
webcam footage captured during the defrost process,
highlighting that defrost operations thoroughly
removed frost from the coil, with no cumulative
freezing observed upon completion. Figure 3(b)
shows the duration of each subsequent post-defrost
heating operation, categorized by defrost-cycle
interval. The defrost-cycle interval is defined as the
time between the end of one defrost cycle and the
start of the next. Throughout the field tests, a con-
sistent post-defrost heating duration was maintained
for each defrost-cycle interval. Specifically, even when
defrost operations occurred frequently at intervals of
less than one hour, the post-defrost heating duration
remained stable at approximately 40 minutes, without
any reduction. As the interval between defrost opera-
tions increased, the duration of the subsequent heating
operation also extended, effectively filling the longer
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Figure 2. Outdoor conditions during defrost operations
with observed durations from field tests.




gap with continuous heating. Therefore, space heating
was reliably maintained after defrosting, with no
interruptions or insufficiencies observed across all
defrost-cycle intervals. These results highlight that S
the defrost operations of the system were successful,

as neither cumulative frost accumulation nor abnormal ‘

heating operation due to defrosting was detected.

The outdoor conditions during each post-defrost
heating phase, also categorized by defrost-cycle
interval, indicate that the intervals were adaptively
controlled in response to outdoor conditions, rather
than governed by a fixed-time periodic logic. Higher
outdoor humidity tended to shorten the defrost-cycle
interval, leading to more frequent defrost operations.
Additionally, at similar humidity levels, lower outdoor
temperatures led to shorter intervals as well. This out-
door-environment-adaptive control enabled the system
to achieve high-performance defrost operation and
maintain reliable heating throughout the field tests.

(a) Webcam footage during defrost operation
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Figure 3. Defrost performance.
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Figure 4 presents time-series graphs of the measured
Q and COP at a T4rger setting of 50°C, reflecting
typical Norwegian space heating water setpoint prac-
tices, along with corresponding outdoor condition
variations. The results include only normal heating
operation, excluding defrost phases, to highlight the
fundamental heating performance. Q tends to increase
when T, decreases and RH,, increases, indicating rising
heating demand and system operation approaching
full load. COP tends to decrease as T,, decreases
and RH,, increases, due to an increased compressor
pressure-ratio and reduced heat exchanger efficiency.
For reference, the system operates in a reverse refrigera-
tion cycle during defrosting (i.e., cooling cycle), during
which Q and COP temporarily show negative values.

Figure 5 presents improvements in measured COP
values at a Ty, of 50°C, compared to the rated
values at each standard T,, specified in the manufac-
turer product data book (PDB). The rated values at
T targer of 50°C were estimated by curve fitting relevant
data provided in the manufacturer PDB, and these
fitted values were then used to calculate the COP

improvements. COP improvements exceeding 100%
accounted for approximately 97% of all cases; in other
words, nearly all measured COP values outperformed
the PDB rated values, validating the quality of field
measurements. All average COP improvements at each
standard T,, also exceeded 100%.

Over the field-test periods at a T, setting of 50°C,
a total SPF-H2 of 3.21 was obtained considering the
use of a 30% ethylene glycol and 70% water mixture.
Although differences in the defined system boundaries
preclude a strictly fair comparison, the present study
exhibits a 39.6% improvement in SPF relative to the
previous field study conducted in Norway [7], due to
the more efficient AWHP operation adapted to Nordic
climates.

For reference, excluding defrost phases yielded an
SPE-H2 of 3.24 with the ethylene glycol-water mixture
conditions. The insignificant difference from the total
SPE-H2 is likely due to effective outdoor-adaptive
defrost control, combined with the low frequency
of defrost events during field testing, associated with
unexpectedly mild weather.
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Figure 4. Heat output and COP at target water temperature of 50°C along with outdoor condition variations during

field tests.
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Performance Modelling

To investigate system performance across the full range
of Nordic climates, performance modelling was con-
ducted using field-test data, explicitly incorporating
defrost operations.

Defrost code

The defrost code (Czefpos [-]), a binary variable indi-
cating defrost operation (0: inactive, 1: active), was
modelled based on T,,, RH,,, outdoor dew-point tem-
perature (DP,, [°C]), and refrigerant temperature in
the evaporator (T, [°C]), in conjunction with defrost
performance, all observed in field measurements.
The specific range of outdoor conditions associated
with defrost mode activation was derived using these
variables and incorporated into the defrost modelling.

First, the specific region in which defrost operation
can potentially occur was identified on a T,, - RH,,
scatter plot. This region was delineated above several
lines connecting the warmest and driest outdoor con-
ditions observed during defrost events, as depicted in
Figure 2. Second, a regression line representing DP,,
threshold for defrost mode activation was defined
as a function of T,, based on field measurements.
Accordingly, defrost mode was activated when T,,,,
fell below the DP,, value defined by the regression line,
provided that the outdoor conditions also lay within
the specific T,, - RH,, region identified in the first step.

Once activated, the defrost operation was modelled to
last 5 minutes, consistent with the average duration
observed in field measurements. Upon completion,
system performance was modelled to return to normal
immediately, with no residual effects from cumulative
frost accumulation.

Heat output, input power, and COP

Second-order polynomial regression models were
developed for Q and P, using T,,, RH,,, Cefpost> tem-
perature difference between the condenser outlet and
inlet (AT, [°Cl), Tiarger and the percentage error
(ETT targer [%]) in meeting Ty, as input variables,
yielding R-squared values of 0.9934 and 0.9218,
respectively. Subsequently, COP was modelled by
dividing the predicted @ by the predicted P.

Predicted Performance Analysis in Nordic
Climates

System performance over the Oslo heating season—
January to April and October to December—was
predicted using the developed models and EnergyPlus
IWEC climate dataset [8]. Data points with T,, > 10°C
or RH,, < 40%, accounting for 10% of the dataset,
were infrequent during the Oslo heating season and
lay significantly outside the field-test range; thus,
they were excluded to avoid compromising predic-
tion accuracy.

150

140 1

—oe
T ]
E— 1 ]

120 X
(120.3) %

o | (116.5)

(110.2)
100 -
90

80 1 i ~

70

COP improvements compared rated values [%)]

X  Average l 150
140

R 130
S
X 120 E
(119.6) -
110 2
=
g
100 2
S

90

80

'?0

- 4 -3 -2 -1 0 1 2

3 4 5 o6 7 8

Outdoor dry-bulb temperature [°C]

Figure 5. COP improvements compared to rated values at target water temperature of 50°C.
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Figure 6 illustrates the predicted defrost mode on a
T,,- RH,, scatter plot across the Nordic climate range,
where blue and red markers represent the inactivation
(Cefrose = 0) and activation (Cefrosr= 1), respectively.
The defrost mode was activated under cold and humid
outdoor conditions, as defined by the green and yellow
boundary lines and the DP,, threshold regression line,
all derived from Cp,; modelling. With the defrost
duration modelled as 5 minutes, the resulting fre-
quency of defrost operation accounted for 5.49% of
the total operating period in Nordic applications.

Figure 7 presents a heat map of the predicted COP,
where each cell represents the average COP for the
number of data points (n) within the corresponding
T,. - RH,, interval. The average COP generally
decreases with decreasing T,, and increasing RH,,,
with notably low values observed under outdoor con-
ditions associated with more frequent defrost mode
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Figure 7. Heat map of predicted COP values.
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activation, specifically when T, is below 0°C and RH,,
exceeds 70%. Consequently, SPF-H2 over the heating
season in Nordic climates is predicted to be 3.04 under
ethylene glycol-water mixture conditions. For refer-
ence, excluding defrost phases yields a SPF-H2 value
of 3.10 with the mixture conditions.

The differences between predicted and field-measured
SPFE-H2 values are attributed to the inclusion of more
extreme outdoor winter conditions in the predictions,
adapted to Nordic climates, and the corresponding
increase in defrost operation. Additionally, COP pre-
dictions inherently involve propagation errors from
simulation-based estimates of both Q and P, poten-
tially leading to amplified cumulative inaccuracies
— particularly under outdoor conditions that deviate
significantly from those observed during field testing.

Conclusions and Future Works

This study analyzed the performance of an R290
air-to-water heat pump (AWHP) system through
winter field testing in Oslo, Norway. Field measure-
ments confirmed high-performance defrost operation
under cold and humid outdoor conditions, with no
frost accumulation or abnormal post-defrost heating
detected. The outdoor-environment-adaptive defrost
control ensured reliable heating performance and high
energy efficiency throughout the tests. The seasonal
performance factor across the Nordic climate range was
predicted to be 3.04 using the ethylene glycol-water
mixture conditions, providing a valuable reference for

R290 AWHP application in Nordic climates.

However, unexpectedly mild weather conditions
during field testing may have limited the observation
of more extensive defrost operation and the acquisi-
tion of performance data under full-load operation.
Additionally, the slightly lower COP observed in this
study may be attributed to the high target water tem-
perature setting of 50°C, the insulation characteristics
of the building and system, and the inclusion of all

components — particularly the fan and pump — in the
power measurements.

Future work will address these limitations and empiri-
cally evaluate system performance across the full
Nordic climate range. More comprehensive data will
also be used to characterize frost formation patterns
and defrost-cycle dynamics in greater detail. Upon
fully confirming system feasibility, further analysis
will examine the impact of using R290 relative to
alternative refrigerants and its applicability in other
European regions. Moreover, performance of multiple
R290 AWHPs on the water/glycol side will be explored
under various cascade operation scenarios—such as
concurrent parallel or alternating operation—along
with the optimization of the associated control logic.
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