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Abstract: Heat pumps are known as zero-emission heating and cooling devices at
the point of energy production. In order to exploit their advantages, they are
combined with low-temperature heating systems. Using the example of a residential
building in five climatic zones in Poland and one in Ukraine, systems analyses were
carried out, in which heat into rooms is supplied in two different ways: low-
temperature radiators and thermally active ceilings. The energy demand for heating,
cooling and domestic hot water preparation was calculated. The seasonal coefficient
of performance of the ground source heat pump was estimated to compare the
systems. The results of the analysis confirmed that the thermo-active ceiling (with
a flow temperature of 35°C) ensures a lower final energy demand when it works
throughout the year in the heating and natural cooling mode compared to the low-
temperature radiators (with a flow temperature of 45°C) which facilitate only the
heating mode in the heating season. Performance analysis demonstrated differences
in final electric energy demand from 8% in the I climatic zone to 9% in the V climatic
zone in Poland and 10% in Ukraine.

Keywords: heat pump SCOP, heating and cooling ceiling, low-temperature radiators,
climatic conditions in Poland and Ukraine

1. Introduction

The advantages of heat pumps (HP) are well known, and the devices have been
used for a long time for heating and cooling various buildings. They guarantee
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zero emissions at the point of heat and/or cooling production. Furthermore, in the
case of additional renewable energy sources application, e.g. photovoltaic mod-
ules, they become a virtually emission-free solution (Rabczak & Proszak-Miasik
2020). In the case of using an HP for heating and cooling, the investment costs
may turn out to be attractive because of the two functions in one system and could
be one of the most economically viable solutions ensuring appropriate microcli-
matic conditions.

In the case of the HP application as a heat source for the building, it is obvious
to use an installation with the lowest possible flow temperature, e.g. floor heating,
low-temperature radiators, or thermally active ceilings which are divided into
false ceiling, ceiling slabs and beam systems (Sinacka 2019). Radiant systems,
compared to a heating and cooling system using fan coils, contribute to the energy
efficiency of a building by maintaining a lower indoor air temperature in winter
and a higher indoor air temperature in summer while maintaining a similar level
of thermal comfort. These resulted in cost and energy savings and were estimated
by many authors (Oravec et al. 2021, Tye-Gingras & Gosselin 2011).

In Poland, it has become frequent for ceiling heating and cooling systems to
be used in residential blocks of flats belonging to the Social Housing Association
(so-called TBS in Poland). They install pre-fabricated heating ceilings using
brine-to-water heat pumps as heating sources. The system maintains the temper-
ature in the perceptible range of thermal comfort. Thermal comfort and the right
temperature are attributed to the high level of energy accumulation in the building
envelope (Wojtkowiak & Amanowicz 2016).

The variability of the heat load may be relatively high and depends on the
weather conditions and local requirements for the thermal protection of buildings
or the required internal temperature values (Kowalski & Szatanski 2019). In Po-
land, these requirements are summarised in the regulation (Dz.U. 2022 poz.
1225), while in Ukraine, in technical standard (DBNV.2.6-31:2016). The require-
ments concerning the heat transfer coefficients in Ukraine are less strict than in
Poland; in combination with slightly higher required internal temperatures, this
results in higher heat load and energy requirements for buildings localised in
Ukraine (Fedorczak-Cisak et al. 2019, Savchenko & Lis A 2020). All these con-
ditions will affect the HP heating system’s efficiency.

Brine-to-water heat pumps, equipped with additional devices set (heat ex-
changer, circulation pump and three-way valves), may extract excess heat from
rooms in summer and transfer it to GHE (ground heat exchangers) without using
a compressor. It may increase thermal comfort in rooms while simultaneously re-
generating a heat sink with a simultaneous increase in the efficiency of HP operation.

This article aims to assess the energy efficiency of a ground source HP in
multifamily residential buildings in various climatic zones. The heat in rooms is
supplied by two different systems: low-temperature radiators and thermally
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active ceilings. The ceiling system will also serve as a cooling system in summer
(in passive mode), which should have increased thermal comfort in summer and
enhanced ground regeneration. Five locations in Poland and one in Ukraine, each
placed in a different climatic zone, were considered in the analysis to assess the
differences in energy use range. The locations’ climatic conditions and the type
of devices were considered.

2. Materials and Methods
2.1. Building and Heat Pump System Description

The three-story multifamily residential building without a basement (Fig. 1) be-
longing to TBS was chosen to illustrate the efficiency of the ceiling system and
low-temperature radiators powered by a ground source HP. The area of one floor
is equal to 637.4 m?, while for heating and cooling, 1912.3 m?. There are two stair-
cases with 7 flats in the left and 6 in the right segments. In total, there are 39 flats
in the building. There are one-, two- and three-bedroom apartments. The staircases
do not require heating devices (the gains from neighbouring rooms heat them).

Fig. 1. The TBS residential building plan for the repetitive storey

It was assumed that the building would be heated and cooled by the brine-to-
water HP, which is the option of natural cooling, which simplified scheme is pre-
sented in Fig. 2.

HP provides the heating agent to the radiant ceiling system, the low-temper-
ature radiators, and the hot water tank for DHW preparation. In addition, the HP
may provide the cooling agent for the ceiling system for excessive heat dissipa-
tion in the summer months. Then natural cooling systems do not require a com-
pressor; additionally, they allow for the GHE active regeneration.
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% ) 1 — brine to water heat pump
R —— 2 — ground heat exchanger
.6, N A 3 — lower energy source circulation pump
4 — circulation pump for heating and cooling system

5 — ceiling heating and cooling system

6 — heat exchanger of the natural cooling system
7 — three-way switching valve for brine

5 8 — three-way mixing valve

9 — three-way heating/cooling switch valve
Fig. 2. Simplified scheme of the natural cooling system

2.2. The Heating and Cooling Systems

Pre-fabricated heating and cooling ceilings and low-temperature radiators pow-
ered by heat pumps were selected for the analysis.

To eliminate the overheating phenomenon in a 3 m high room heated by cho-
sen pre-fabricated thermo-active ceiling technology, the maximum temperature
of the ceiling surface, according to the producer’s guidelines, should not exceed
35°C (Dennert, Kuhnhenne 2018).

The second HP-powered systems utilise unique design low-temperature radia-
tors with copper tubes and aluminium plates, making them more efficient than steel
radiators. They transfer heat to the room through both convection and radiation.

Comparison of the main features: the way of heat transfer, cooling possibili-
ties, occupation of space and aesthetics (which is an objective feature) of both
systems with thermo-active ceilings and radiators is presented in Table. 1.

Table 1. The main features of the two systems

Feature Heating/cooling ceiling Low-temp. radiators
Heating medium temp. 35°C 45°C
Heat transfer Radiation Radiation + Convection

Control valves on a manifold,

. . Thermostatic valves
electronic sensors in a room

Temperature regulation

Cooling possibilities Yes No
Occupation of space No Yes
Aesthetics High, the system is not visible Typical, radiators

are visible
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2.3. Heat Load and Energy Demand

Audytor OZC 7.0 Pro software was chosen to estimate the heat load and energy
demand for heating and cooling purposes and prepare the DHW for the TBS res-
idential building. In Poland, one location in each of five climatic zones (with ex-
ternal design temperature every 2°C from -16°C to -24°C) was chosen (Gdansk,
Wroctaw, Krakow, Biatystok and Suwatki). Locations represent the range of cli-
matic conditions in Poland. In Ukraine, where there are two zones (with external
design temperature values of -19°C and -22°C), the location of Lviv was chosen
for analysis because of the data availability.

The heat load was estimated according to the EN 12831 standard, based on
the introduced building model and climatic data (external design and annual av-
erage temperature) for the various locations of the building in two countries. Data
for five locations in Poland are included in the software following EN 12831
standard, and data for Lviv in Ukraine were entered manually as the addition of
another weather station in strict to DBNV.2.6-31 standard.

The thermal protection conditions for the building are assumed following na-
tional requirements in Poland, given in the regulation (Dz.U. 2022 poz. 1225),
and Ukraine, given in the DBNV.2.6-31 standard. The minimum thermal insula-
tion requirements for Poland are much stricter than for Ukraine. For example, the
assumed U-value for walls was 0.141 < 0.2 W/(m?-K) in Polish locations, while
in Ukrainian, it was 0.283 < 0.3 W/(m*K). In case of windows it was 0.76 < 0.9
W/(m*K) in Poland and 1.1 < 1.33 W/(m*K) in Ukraine.

The usable energy demand for heating and cooling, as well as the energy de-
mand for DHW preparation purposes, have been calculated according to the Reg-
ulation of the Minister of Infrastructure and Development of 27 February 2015
on the methodology to determine the energy performance of a building or part of
a building and the energy performance certificates (Regulation of the Minister of
Infrastructure and Development of 27 February 2015). In addition, a performance
analysis was carried out that included five temperature zones in Poland and one
zone in Ukraine (UA _I) in the example city of Lviv. Similarly, as in the case of
heat load, the climatic data for Poland are included in the software and data for
Lviv were entered manually.

In order to determine the seasonal efficiencies of a ground source HP for two
different systems in all zones, the energy demand values were determined without
heat generation efficiency but including system efficiencies and heat loss. The
efficiency of the heating system taken into account for the calculation assumed:
water heating from a local heat source located in the building, with insulated pipes
with central and local control and use of a buffer tank in the heating system. As
the cooling load is required while determining the brine temperature in the EED
software (for later SCOP calculations), the amount of energy and system effi-
ciency were determined. When calculating the cooling system efficiency for
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ceilings only, the following was considered: surface water cooling, with central
and local control, chilled water system with thermostatic valves and buffer tank
in the cooling system. When calculating the efficiency of DHW preparation: cen-
tralised preparation, insulated circuits, limited circulation time, and contemporary
storage tank in the DHW system have been assumed. Particular months were con-
sidered when estimating energy demand for heating Qu, cooling Qc and DHW
preparation Qw.

Observing Fig. 3, there are visible differences between the values calculated
in the climatic zones in Poland, with the lowest and the highest design tempera-
ture values. The weaker insulation of the building envelope in Ukraine causes
a higher energy demand for the building each month. Furthermore, it is enhanced
by the higher internal air temperature in the rooms in Ukraine in comparison to
Poland: bathrooms — 25.0°C vs 24.0°C; bedrooms and living rooms — 22.0°C vs
20.0°C; kitchens and halls 19.5°C vs 20.0°C.
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Energy demand, MWh

Fig. 3. Usable energy demand of residential building: columns from left to right —
Ukraine: climatic zone I), Poland: climatic zones V and I. Heating demand — yellow;
DHW preparation — red; cooling demand — blue

Proper thermal insulation of the envelope and the building geometry make
the energy demand for cooling not very high but noticeable. The highest value in
the III climatic zone is 29,019 kWh/year of usable energy, while in zone V, it is
13,737 kWh/year. In Lviv, 23,613 kWh/year of energy would be consumed for
cooling. Therefore, the yearly energy demand for the preparation of DHW (with-
out heat generation efficiency but including system efficiency) is equal to
88,474 kWh. The energy for DHW preparation has been assumed the same in all
cases for reasons of comparability.
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2.4. Heat Pump and Ground Heat Exchanger

Based on the total heat load under design conditions, a brine/water HP was sized
for the building in each climatic zone. Therefore, two heat pumps operating in
the cascade were required. Their selection is presented in Table 2. Due to the
weaker insulation, the heat load is the greatest in the climatic zone I in Ukraine.

Table 2. Heat pump selection

Climatic zone Heat Heating Cooling Type
(design temp.) |load, kW| capacity, kW | capacity*, kW yp
I(-16°C) 65.6 2:36.6 60.2 > Vitocal
S _ -Vitoca
I1 (-18°C) 69.0 2:36.6 60.2 BW/BWS 351 B33
III (-20°C) 72.6 2:36.6 60.2
IV (-22°C) 76.2 2-46.4 75.0 > Vitocal
S _ -Vitoca
V (-24°C) 79.9 2-46.4 75.0 BW/BWS 351 B42
UA _1(-22°C) 90.3 2-46.4 75.0

*extracted from the boreholes in heating mode (for heat sink size determination)

The EED 4.2 software was implemented to simulate GHE for the heat pumps.
The sizes of the vertical heat exchangers were determined, and the average temper-
ature of the brine was calculated for each month of the year. The assumptions on
the construction of the GHE and the flow rate of the working fluid are presented in
Fig. 4. The GHE configuration is shown in Fig. 4: a) 21 boreholes mounted in
a 20x60 m area for a building located in climatic zones I, II, I1I; b) 28 boreholes on
an area of 30x60 m for the building in zones IV, V and UA 1. Because the distance
between exchangers must be sufficient for effective performance in the analysed
case, 10 m was proved to be proper.
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Fig. 4. Selection and location of the borehole and GHE in a) climatic zone I, II and I1I;
b) climatic zone IV, V and UA |

Ceiling heating and cooling system Low-temperature radiators
IPL OPL INPL IVPL VPL IUA

IPL 1IPL IMPL IVPL VPL IUA

Jan

Feb

Mar 53 53 53 53 47 42 5.1 5.0 5.2

Apr 65 63 64 69 62 6.0 6.1 59 59 63 60 57
May 69 7.1 7.2 . 63 61 60 65 63 60
Jun 64 62 6.1 6.6 64 62
Jul 7.6 64 63 62 67 65 63
Aug 72 74 65 63 62 67 65 63

Sep 74 73 75 7.1 7.0 7.1 65 63 63 68 66 64
Oct 69 69 71 67 64 63 63 62 62 64 6.1 58
43 43 4.4

Nov 4.7 4.8
Dec

43 4.6

Fig. 5. The average brine temperature over the 25 years of heat pump operation in all
analysed locations while using ceiling heating and cooling system and while using
low-temperature radiators
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The brine temperature for each month was calculated using EED software.
Fig. 5 shows, by month of the year, the average brine temperature over 25 years
of HP operation. On the left-hand side, in the case of a thermo-active ceiling sys-
tem, the influence of the passive cooling regeneration is visible, as the brine tem-
perature in summer is higher from 1.3 up to 3.7 K than in the case of low-tem-
perature radiators. It can be observed that the regeneration effect, clearly visible
in summer months, is barely seen in winter. The temperature difference is lower
than 0.5 K (in December) when comparing both stems in the respective climatic
zones. It may be caused by the greater energy withdrawal in the case of the ceiling
heating system — lower flow temperature causes a greater COP value which
means that more energy comes from the ground and less from the compressor.
However, the regeneration effect is visible in the higher SCOP value in case of
DHW preparation, and the building users’ comfort is greater because of the cool-
ing possibility in summer.

2.5. Heat Pump — SCOP Estimation

The seasonal efficiency of the chosen heat pumps has been calculated considering
monthly energy demand values, COP catalogue values for various supply tem-
peratures and brine temperatures estimated using EED software. As mentioned
above, the mean brine temperatures were established and iterated to obtain better
accuracy in estimating. Monthly energy values for heating and the preparation of
DHW were taken as the energy values without taking into account the efficiency
of heat generation but including other efficiencies and heat loss of the system.
The flow temperatures were assumed to be constant at 35°C for the ceiling heating
system, 45°C for low-temperature radiators and 68°C for the preparation of DHW
in the hot water tank. COP values for individual months were determined for the
flow and brine temperature valid for this month and system. The monthly electric
energy demand for the heating and preparation of DHW was calculated by dividing
the final energy demand by the corresponding COP value. The annual energy de-
mand for heating divided by the annual electric energy demand gave the SCOP
value for heating. The SCOPs for DHW preparation were calculated in the same
way. The SCOP for the entire system is the weighted average of the two values.
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Fig. 6. The COP characteristics of the brine-to-water heat pumps selected
for the analysis, flow temperature of 35°C — blue, 45°C — grey, 68°C — orange

3. Results and discussion of performance analysis

The analysis results of two systems: low-temperature radiators and the thermo-
active ceiling powered by the ground source HP in five climatic zones in Poland
and the first climatic zone in Ukraine are presented in Table 3. It displays: the
usable energy demand for heating Quu, cooling Quc and for the preparation of hot
water Quonw; the seasonal coefficient of performance of the HP working with the
ceiling heating system SCOPy™; the seasonal coefficient of performance of the
HP for the DHW preparation working with ceiling heating system SCOPpuw";
seasonal coefficient of performance of the HP for heating/cooling of the entire
system by a ceiling and DHW preparation SCOPs1; seasonal coefficient of per-
formance of the HP working with low-temperature radiators SCOPy'™; seasonal
coefficient of performance of the HP for the DHW preparation working with low-
temperature radiators SCOPpuw'™; seasonal coefficient of performance of the HP
for the whole heating system by low-temperature radiators and DHW preparation
SCOPys; the final electric energy demand for all purposes of both systems Eel-
sysl, Eelsys2; and relative differences between final energy demand for particular
zones AEel.

In the estimation following efficiencies were assumed according to the
Regulation of the Minister of Infrastructure and Development of 27 February
2015: for the heating system s =0.81, for the cooling system nsys“=0.87 and for
the DHW preparation 1" = 0.60 (assumptions for all efficiencies values were
described in details in section 2.3).

In Poland, in climatic zone V, the value of energy demand is 79% higher than
in the I one. On the other hand, in Ukraine, more energy is used for building
heating, i.e. 14% more than in zone V in Poland. Two factors influence this result:
the weaker insulation of the building envelope (see section 2.3) and the higher
mean internal air temperature in apartments (also section 2.3).
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Table 3. Performance analysis results

Climatic zone I I 1T v v UA 1
Usable energy demand
Qun, kWh 44,134 50,375 54,314 69,178 78,898 89,751
Quc, kWh 18,214 19,939 25,139 14,636 11,900 20,456
Quouw, kWh 52,642
Ceiling heating and cooling system
SCOPy"s 5.48 5.39 5.36 5.11 5.05 5.00
SCOPpuw*hs 2.75 2.73 2.74 2.79 2.76 2.76
SCOPsys1 3.39 3.43 3.47 3.59 3.62 3.68
Eelsys1;, kWh 42,150 43,869 44,790 48,437 51,262 54,142
Low-temperature radiators
SCOPy!th 4.29 4.22 4.19 4.14 4.09 4.04
SCOPpuw!™ 2.70 2.69 2.68 2.76 2.75 2.73
SCOPsys2 3.16 3.16 3.17 3.30 3.32 3.33
Eelsys2, kWh 45,392 47,603 48,989 52,592 55,923 59,748
Relative difference in final energy consumption
AEel 1.08 1.09 1.09 1.09 1.09 1.10

The seasonal coefficient of performance of the HP for the ceiling heating and
cooling system is 23% to 28% higher than SCOP for the HP that powers low-
temperature radiators. The SCOPprw values associated with DHW preparation
are slightly higher (< 2%) for the system with thermo-active ceilings than with
low-temperature radiators. This is an effect of the higher temperature of the brine,
while passive cooling is used, resulting in the regeneration of the borehole during
the discharging of excess heat.

As expected, the highest SCOP for heating can be observed in the thermo-
active ceiling in climatic zone I in Poland (5.48). In climatic zones with lower
outdoor temperatures, SCOP decreases. An analogous observation can be made
when low-temperature radiators are used. The opposite trend is observed when
considering the SCOP for the entire system (heating and DHW), with the highest
value for Ukraine (3.68) and the lowest for zone I in Poland (3.39). It is due to
the decreasing impact of the lower SCOP value for DHW (compared to heating)
and the increasing demand for heating energy in particular climatic zones.

The determined energy demand for natural cooling in the building with
thermo-active ceilings turned out to be considerable, from 11.9 to 25.1 MWh in
considered locations. Without the operation of the compressor, the energy
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demand for pumping the medium in GHE and the thermo-active ceiling will only
be needed. The consideration of additional investment costs would allow delib-
erate the system concept with free cooling function for this TBS building (heat
exchanger, etc., see Fig. 2).

A conscious approach to energy consumption for the year-round operation
and the advantages of the thermo-active ceiling system are of the essence for
stakeholders.

4. Conclusions

Performance analysis of the ground source heat pump serving as a heat source in
a multifamily residential building in Poland and Ukraine was carried out. The cal-
culated usable energy demand equal to 89,751 kWh was the highest for a building
with a heated area of 1,912.3 m? in Lviv. The weaker insulation of the building
envelope and higher internal air temperature in the Ukraine rooms compared to
Poland influenced the value.

The thermo-active ceiling and low-temperature radiator systems were
adopted for energy analysis. Both systems require a low-temperature medium,
but thermo-active ceilings allow additional cooling of the building in summer.
The free cooling option does not require the use of energy for the compressor but
allows for ground regeneration. The solution has shown that regeneration in-
creases the brine temperature up to 3.7 K in summer, resulting in a slight increase
in efficiency for DHW preheating, up to 2%.

In climatic zone I in Poland, the highest SCOP for heating was observed in
the case of the thermo-active ceiling (5.48). However, when considering the
SCOP for the entire system (heating and DHW), the highest value for Ukraine
(3.68) and the lowest for zone I in Poland (3.39) was determined. It is due to the
increasing demand for heating energy in the particular zones and the associated
decreasing impact of the lower SCOP value for DHW. A similar relation can be
seen in the case of low-temperature radiators.

The pivotal observation is that even when it delivers energy throughout the
year for heating and cooling, the ceiling system is more efficient than low-tem-
perature radiators. Performance analysis showed differences in final electric en-
ergy demand from 8% to 9% in climatic zones I and V, respectively, and 10% in
Lviv in Ukraine.
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