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Abstract

The paper deals with the experimental testing of the efficiency of the operation of an air/water heat pump in connection with three

radiant systems in heating mode in an office building, which is part of the central laboratories of the Slovak university of Technology

in Bratislava. The testing was aimed at verifying the manufacturer's theoretical claims about efficiency of the heat pump based on the
COP and SCOP values according to EN 14511-1:2022 and EN 14825:2022. The testing period was from 7 Jan. 2024 until 15 Jan. 2024.

The aim of the testing measurements was to evaluate the calculated value of SPF efficiency for individual days and for the testing

period. During the measuring period, the wall radiant system consumed 188 kWh, the ceiling system 216 kWh, and the floor radiant

system 196 kWh. The heat pump consumed 227 kWh of electricity. The calculated SPF value was 2.64.
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1 Introduction

Nowadays, when energy prices are increasing and at the
same time there is an emphasis on reducing dependence
on the consumption of primary energy sources (e.g., nat-
ural gas), a heat pump (HP) can be a suitable alternative
source of heating/cooling, using the energy of the sur-
rounding environment as a renewable energy source
(RES). Running large area radiant systems [1, 2] together
with an air to water heat pump can lead to lower operating
loads. Experimental measurements are based on the eval-
uation of the efficiency of heat pump operation together
with low-temperature large area radiant systems in heating
mode, the so-called seasonal performance factor (SPF) [3].

It has also been shown that it is important to consider
the local climate when designing a HP, as it significantly
affects its annual performance [4]. It is also important that
the air-to-water heat pump is properly sized and operated
to achieve high SPF [5, 6, 7, 8, 9].

The present experimental measurement was focused
on testing the efficiency of the heat pump in cooperation
with low temperature large area radiant systems in heating
mode [10, 11]. Three separate rooms were used, where the
first room had floor heating, the second room had ceiling

heating and the third room had wall heating. These three
rooms are located in a real office building. The three
rooms are used as a laboratory setting for the investiga-
tion of radiant heating systems utilising the air source HP.

The systems in all rooms are based on the so-called dry
system, where the radiating surface of the radiant floor
system consists of boards and in the case of ceiling and
wall radiant systems of plasterboard boards. Each system
had its own heat meter installed at the manifolds of each
system. The data acquisition, heat pump control and elec-
trical distribution sub-cabinet were installed in a separate
technical room. A 6 kW air/water HP was selected and
installed on the roof of the building, approximately 5 m
from the technical room. In order to measure the electric-
ity consumption, the heat pump was connected to a cer-
tified impulse electricity meter of the type LE-01d MID.
For the measurement period, the automatic control mode
of the heat pump was selected, which uses the equither-
mal curve to calculate the required flow temperature of the
heat-carrying medium.

It should be noted that the building in which the mea-
surements were carried out was not insulated and there
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was no active heating in the surrounding indoor spaces,
and the air temperature in these spaces was around 7 to
9 °C during the period in question, which increases the
demands on the performance of large area radiant systems.

2 Basis of heat pumps and SPF

The heat pump principle works according to the Carnot
cycle (Fig. 1). HP converts environmental energy and
electricity directly into heat, which can be led into heated
spaces. In winter, it transfers heat from the outside to
the inside to heat the occupied space, and in summer it
removes heat in the opposite direction from the occupied
space to the heat source (Fig. 2) [12, 13, 14].

The utilization of HP in conjunction with radiant floor,
wall and ceiling heating systems, can facilitate enhance-
ments to the low exergy system. Heat transfer is a process
whereby heat is transferred from one location to another.

The utilization of a heat pump as a heat source in con-
junction with an integrated radiant heating system within
the designated heating room, operating at a temperature
of the heat carrier liquid in close proximity to the oper-
ating room air temperature, has been demonstrated to be
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Fig. 1 HP and Carnot cycle [12]
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Fig. 2 Working principle of heat pump [12]
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an extremely effective approach. The HP will have a high
coefficient of performance (COP), which expresses the
energy efficiency of the HP for heating, i.e., the ratio of
heat output to energy input (electricity) (Fig. 2) [12, 13, 14].

A HP can be defined as a low-temperature heat source
(energy from the environment) that converts low-tempera-
ture heat into high-temperature heat and heat consumed
by the heat consumer (Fig. 3) [15].

HP can be classified according to the way they extract
energy from the environment (Heat Source):

Ground source HP (GSHP) using the heat of the ground
through ground collectors or boreholes — ground/water
type, water source HP (WSHP) using the heat of the
underground water or collector in the lake — water/water
type, air source HP (ASHP) using the air which is venti-
lated to the heat exchanger of the HP or using ventilation
pipes (ventilation HP) — air/water type and the HP using
the return pipe of the district heating as the heat source of
the HP [15].

One of the study aims to analyze the performance of the
WSHP, GSHP and ASHP systems for large office buildings
using a dynamic energy simulation. The SPF of the system
was calculated as 3.8 and 2.5 for a WSHP system, 3.8 and
2.6 for a GSHP system, and 2.9 and 1.7 for an ASHP system
during the cooling and heating periods, respectively [16].
Similar research has also focused on experimental exer-
getic comparisons of different types of HP: as air to air, air
to water, water to water and water to air [17].

ASHP are part of the solution to decarbonise the resi-
dential heating sector. The COP is a measure of the instan-
taneous efficiency of a HP. The heat energy produced by
an ASHP is deemed renewable if it meets a specified sus-
tained COP over a period of time, e.g., a SPF [18].

Air-to-water HP are regarded as a fundamental part of
many proposed climate action plans in heating dominated
climates. However, individual studies have concluded
that this technology generally underperforms in practice
when compared to its rated performance. Of the 378 HP
reviewed, it was found that the average SPF was 2.59, sig-
nificantly lower than typical product rated performances.

Fig. 3 System theory scheme of the heat pump system [15]
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Three reasons for this underperformance include, misrep-
resentative weather data for certain locations, unaccounted
for losses in the distribution pipes and unaccounted for
effects of cycling [19].

3 Tested heat pump

Tested HP was ASHP. The ASHP represented model
F2040-6, controlled by an inverter, was designed for
experimental measurements in conjunction with radi-
ant systems. The operating range of the HP is from —20
to 43 °C, with a maximum exterior temperature of the
heat transfer medium of 58 °C. In addition to heating, the
HP can also be used for cooling during summer months
through reverse operation. Fig. 4 displays a boiler-type
F2040-6 ASHP including its individual components:
evaporator, compressor and condenser.

Fig. 5 provides a detailed schematic of the ASHP exter-
nal module F2040-6, which elucidates the interconnection
of the components depicted in Fig. 4 with greater precision.

Fig. 5 displays the diagram of the ASHP type F2040-6
external module, which includes individual sensors —
such as the external air temperature sensor, the tempera-
ture sensor on the compressor discharge, the tempera-
ture sensor on the evaporator, the temperature sensor of
the supply temperature of the heat-carrying working sub-
stance behind the condenser, the temperature sensor on
the return pipe, the temperature sensor behind condenser,
high-pressure sensor.

The technical specifications of the tested ASHP type
F2040/6 are listed in Table 1, including performance
range, operating voltage, maximum cooling capacity, etc.

Fig. 4 ASHP type F2040-6 [20]
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Fig. 5 Scheme of external module F2040-6 [20] Explanations: BT 28
(Tho-A) — external air temperature sensor, BT 14 (Tho-D) — compressor
discharge temperature sensor, BT 16 (Tho-R) — temperature sensor on
the evaporator, BT 12 — temperature sensor of the supply temperature
of the heat-carrying working substance behind the condenser, BT 3
— temperature sensor of the heat-carrying working substance on the
return pipe, BT 15 — temperature sensor behind the condenser, BP 4
— high pressure sensor, CM — compressor, EP 2 — Condenser, EP 1 —
Evaporator, QN 3 (SM1) — expansion valve, QN 2 (20S) — four-way
valve, HS 1 — filter dehydrator [20]

Table 1 Technical specifications of the ASHP type F2040-6 [20, 21]

Technical parameter Specification
Power range A7/W35 [kW] (EN 14511-1:2022) 1.5-7
Power range A7/W45 [kW] (EN 14511-1:2022) 1.2-4.6
SCOP average climate zone 35/55 °C (EN 14825:2022) 4.8/3.46
Max. cooling capacity at A27/W7 [kW] 5.87
Max. cooling capacity at A27/W18 [kW] 7.98
Max. cooling capacity at A35/W7 [kW] 4.86
Max. cooling capacity at A35/W18 [kW] 7.03
Operating voltage 230 V /50 Hz
Compressor Double rotary

4 Experimental measurement of heat pump operation
with large area radiant systems in heating mode

The experimental measurement took place in the labora-
tory conditions of the STU Faculty of Civil Engineering
in Bratislava. The measurement took place in the period
from 7.1.2024 to 15.1.2024. The subject of the experimen-
tal measurement was to investigate the efficiency of the
heat pump with low-temperature large-area radiant sys-
tems in the heating mode. Electricity consumption by the
heat pump was measured by a pulsed electricity meter
LE-01d MID (EM - electric meter on Fig. 6).

The consumed heat was individually measured for each
low-temperature large-area radiant system separately by
ultrasonic heat meters T330 (HM1, HM2 and HM3 on
Fig. 6). The temperature of the exterior air was also mea-
sured by a temperature sensor located on the heat pump
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Fig. 6 Scheme of measuring points

(Tho-A on Fig. 4 and BT 28 on Fig. 5). Subsequently,
the SPF value, which deals with the efficiency of the heat
pump, was calculated. This calculated value was com-
pared with the COP value given by the manufacturer.

4.1 Radiant heating systems with tested ASHP

The study measured the thermal energy consumption of
radiant systems (floor, ceiling and wall) connected to the
ASHP in heating mode. The systems were designed for
separate rooms with the same layout and floor area, all
facing east. The Siccus dry large-area radiant floor sys-
tem was installed in the first office room using two circuits
with a pipe spacing of 150 mm, with Comfort Pipe PLUS
pipes ® 14 x 2.0 mm, covering a radiant area of 15 m?.
In the second room, the large-area dry radiant ceiling sys-
tem was installed with PE-Xa pipe ® 9.9 x 1.1 mm with 8
panels 2000 x 625 mm with a radiant area of 10 m2. In the
third room features a large wall radiant system, which
includes an PE-Xa pipe ® 9.9 x 1.1 mm and with 8 panels
2000 x 625 mm creates a radiant surface of 10 m?.

4.2 Water temperature in supply and return pipes and
exterior temperature

The experiment began on 7 Jan. 2024 at the midnight. The
SMO S40 heat pump control unit was used to set equither-
mal curve number 5. This curve required the heat pump to
maintain a temperature of 38 °C in the heat-carrying work-
ing substance supply pipe, despite an outside tempera-
ture of — 11 °C. The initial design temperature drop was
38/33 °C (Fig. 7). On Wednesday 10.1.2024 at 9:00 a.m.
was used to set equithermal curve number 7. This curve
required the heat pump to maintain a temperature of
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Fig. 7 Temperature of the water in the supply and return pipes,
temperature of the exterior air and SPF of the ASHP

45 °C in the heat-carrying working substance supply pipe,
despite an outside temperature of — 11 °C. The initial
design temperature drop was 45/40 °C (Fig. 7).

Fig. 7 shows the exterior temperature on the primary
axis graph. The average temperature of the exterior air
during the measured period from 7 Jan. to 15 Jan. 2024 was
—1.79 °C. Additionally, the temperature of the heat-carry-
ing working substance in the supply and return pipes is also
displayed on the same graph on the primary axis. It can be
seen that the equithermal regulation reliably responded to
the change of the outside temperature. When the tempera-
ture of the exterior air dropped, the heat pump in coopera-
tion with the SMO S40 control unit, increased the tempera-
ture of the heat-carrying working substance in the supply
pipe. Conversely, when the temperature of the exterior air
increase, it lowered the temperature of the heat-carrying
working substance in the supply pipe (Fig. 7).

Fig. 7 shows a graph divided by a vertical line, separat-
ing the period from 7 Jan. 2024 at the midnight to 10 Jan.
2024 9:00, when the equithermal curve number 5. was set
in the control unit SMO S40 of heat pump. The average
temperature of the heat-carrying substance was 32.56 °C.

During the period from 10 Jan. 2024 at 9:00 a.m.
to 15 Jan. 2024 at 12:30 p.m., the equithermal curve was
set to Number 7. The average temperature of the heat-car-
rying working substance was 37.77 °C. Throughout the
measured period from 7 Jan. 2024 to 15 Jan. 2024 the
average temperature of the heat-carrying substance was
35.71 °C. Fig. 7 shows the calculated values of the SPF of
the ASHP displayed on the secondary axis. The values of
the SPF of the ASHP represented the values calculated
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from measured values of the thermal energy consump-
tions of the three radiant systems and measured electric-
ity consumption of the ASHP of the individually day.
The values of the SPF of the ASHP were higher when the
values of the exterior air temperature were positive and
decreased as the values of the exterior air temperature
reached negative values.

4.3 Electricity consumption by ASHP and thermal
energy consumption by radiant systems in heating mode
Fig. 8 displays the graphical outputs of the values of the ther-
mal energy consumption and electricity consumption. Fig. 8
shows the thermal energy consumption of three low-tem-
perature large-area radiant systems (radiant floor, ceiling,
wall) on the primary axis. The blue curve represents the
thermal energy consumption of the wall radiant system, the
orange curve represents the thermal energy consumption
of the ceiling radiant system and the gray curve represents
the thermal energy consumption of the radiant floor system.
Fig. 8 also shows the electric consumption with red curve of
the ASHP on the secondary axis of the graph. During the
entire measured period from 7 Jan. 2024 to 15 Jan. 2024,
the radiant wall system consumed 188 kWh of the thermal
energy, the ceiling radiant system 216 kWh and the floor
radiant system 196 kWh, together with the low-temperature
large-area radiant systems consumed 607 kWh of thermal
energy. The ASHP consumed 227 kWh of the electricity
energy during the same measured period (Fig. 8).

The electricity consumption curve became steeper as
the exterior air temperature dropped due to the equithermal
regulation of the heat-carrying working substance in the
supply pipe. The ASHP took part in the electric consump-
tion together with other circulation devices. Additionally,
a change in the equithermal curve setting from no. 5 to
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Fig. 8 Thermal energy consumption of low-temperature large-area radiant
systems in heating mode and the electric consumption by the ASHP

no. 7 in 10 Jan. 2024 at 9:00 a.m., this resulted to change
of the electricity consumption curve too.

Table 2 displays the values of the thermal energy con-
sumption by the radiant systems and electric consumption
by the ASHP for individually days of the measured period.

4.4 Calculation of the SPF and COP of the ASHP

To evaluation of the HP efficiency, we needed data on both
the thermal energy consumed by the three large-area radi-
ant systems and the electrical energy consumed by the
ASHP. The SPF is the ratio of the heat supplied by the
HP during the entire year of operation to the total energy
consumed by the compressor and other circulation devices
[22, 23]. SPF was calculated as follows:

SPF = 2% , 1)
2k
where @ is the sum of the heat produced by the heat pump
(kWh) and P, is sum of thermal energy consumed by the
compressor and other circulation devices (kWh) [22, 23].
The energy efficiency of systems working on the basis of
thermodynamic cooling circulation (cooling and air con-
ditioning equipment and HPs) evaluated by the so-called
performance number COP, it is possible to express for the
compressor heat pump as follows [22, 24]:

o
COP,, =5, @

K
where @, is the heat produced by the heat pump (kWh)
and P, is thermal energy consumed by the compressor and
other circulation devices (kWh) [22, 24].

The manufacturer provides the COP value, which can
be found at the intersection of the exterior air and the
curve representing the temperature of the heat-carrying
working substance in the supply pipe (Fig. 9). The average
outdoor air temperature during the measure period from
7 Jan. 2024 to 15 Jan. 2024 was —1.79 °C [20].

The average temperature of the heat-carrying working
substance during the measured period from 7 Jan. 2024
to 15 Jan. 2024 represented a value of 35.71 °C. The value
of the COP represents number 2.6 by the heat carrier

Table 2 Values of the thermal energy and electric consumption

Day of January 7 8 9 10 11 12 13 14 15

Floor [kWh] 18 20 21 26 27 24 25 23 12
Ceiling [kWh] 19 22 23 28 30 27 27 26 14
Wall [kWh] 17 29 20 25 26 23 24 22 12
ASHP [kWh] 17 25 26 34 35 25 28 24 13
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temperature of 35 °C and exterior temperature —1.79 °C
(Fig. 9). We determined the average values of the exterior
air temperature and the values of the COP for the heat-car-
rying working substance 35 and 45 °C of the individually
day (Table 3).

Table 2 and Fig. 8 show the measured values of the
thermal energy consumption by the radiant systems and
electric consumption by the ASHP. We calculated the SPF
values by the using Eq. (1). Fig. 10 shows the calculated
SPF values for individual days displays by blue columns.
The orange points show the average exterior temperature
values of individual days. We see that during the four
days from 8 Jan. until 11 Jan. 2024, which have negative

Table 3 Values of the SPF and COP for individually tested days

Day of 7 8 9 10 11 12 13 14 15
January
Average
Exterior 05 -42 -5 -42 26 02 -05 04 00
temp.
SPF 32 24 25 23 24 30 27 30 29

COP(35°C) 27 26 26 26 26 26 26 27 26
COP(45°C) 23 22 22 22 22 23 23 23 23
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Fig. 10 The SPF and COP of the ASHP during measured period
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values of the average outdoor temperature, the SPF values
are also lower (Table 3).

The SPF of the ASHP was calculated from 7 Jan. 2024
to 10 Jan. 2024 at 9:00 a.m., resulting in an SPF value of
2.58 and COP of 2.6 by the average exterior temperature
—3.32 °C. and by the average heat carrier substance tem-
perature of 32.56 °C. From 10 Jan. 2024 at 9:00 a.m. to
15 Jan. 2024 until 12:30 p.m., the SPF was 2.70 and COP of
2.6 by the average exterior temperature —0.79 °C. and by
the average heat carrier substance temperature of 37.77 °C.

During the measured period from 7 Jan. 2024 to 15 Jan.
2024, the SPF was 2.64. The determination of the COP
value was based on the curve representing the heat trans-
fer substance of 35 °C. The SPF values calculated are dis-
played as blue bars in Fig. 10.

5 Conclusion

ASHP as a heat source in cooperation with the SMO S40
control unit in connection with large-area low-tempera-
ture radiant systems, work in heating mode effectively.
ASHP uses environmental energy (in this case air) to pro-
duce heat, what reduce consumption of the traditional fos-
sil fuels, as for example natural gas.

To assess the efficiency of ASHP operation with radiant
systems in the heating mode, we calculated the SPF values.
The SPF values were calculated is the ratio of the heat sup-
plied by the ASHP (heat energy consumption by the radi-
ant systems) the total energy consumed by the compressor
and other circulation devices (electric consumption) during
the testing period from 7 Jan. 2024 to 15 Jan. 2024 the total
energy consumed by the compressor and other circulation
devices. It should be noted that the calculated SPF value is
more reliable (real existing building with heat pump and radi-
ant systems, real operation of the system with equithermal
regulation) compared to the COP value declared by the man-
ufacturer (laboratory conditions of operation of the heat pump
at a constant heat-carrying working substance temperature).

Our main goal was calculated the SPF value of the
ASHP in cooperation with radiant systems in heating
mode for the testing period from 5 Jan. 2024 to 15 Jan.
2024 and compare with declared COP value by the manu-
facturer. The calculated SPF value during the test period
from 7 Jan. 2024 to 15 Jan. 2024 was 2.64. During this
tested period the average exterior temperature was
—1.79 °C and the average heat carrier substance tempera-
ture was 35.71 °C which corresponds to the COP value of
2.6 declared by the manufacturer. The SPF value is depen-
dent on the outside temperature and the temperature of the
heat carrier (Fig. 10). The tested system with ASHP was
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controlled by equithermal regulation, which means that

when the exterior temperature changes, ASHP ensured

the water temperature according to the equithermal curve.

The calculated SPF value of 2.66 during the tested

period from 7 Jan. 2024 to 15 Jan. 2024 corresponds to the
value of 2.6 declared by the manufacturer.
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