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Abstract: Air-to-water heat pumps (AWHPs) is a very good option for efficient heating in the
residential and commercial building sectors. Their performance and therefore the use of primary
energy and CO, gas emissions are affected by various factors. The aim of this paper is to present a
study on the seasonal coefficient of performance in heating (SCOP) of AWHPs, which are available
in the Greek market. The sample consists of 100 models in total, offered by 12 manufacturers, in a
range of heat pump’s thermal capacity up to 50 kW. The calculation of SCOP values was performed
according to the methodology proposed by the EN14825 standard. The results indicate how the
heating capacity, the local climate, the supply water temperature, the compressor’s technology, and
the control system affect the seasonal performance of the various AWHP models examined. Setting
the SCOP > 3 value as a criterion, the analysis that was carried out in four climatic zones A, B, C, and
D of Greece, shows that there are many models that meet this criterion, and, in fact, their number
increases from the coldest to warmer climates, in combination with lower water supply temperatures
to the heating system and a control system with weather compensation.

Keywords: heat-pumps; heating systems; seasonal coefficient of performance; energy conservation;
european standard EN14825

1. Introduction

As the 21st century unfolds, government policies around the world are increasingly
focused on tackling climate change and reducing CO, emissions. In the European Union
(EU), energy policy priorities in the last years have been the lower dependence on fossil
fuels and consequently the reduction of their combustion emissions, the improvement in
energy efficiency, and the sustainability in energy utilization with increasing participation
of renewable energy sources (RES) in final energy consumption. One of the most important
energy consumers and main contributors to greenhouse gas (GHG) emissions is the build-
ing sector. In 2018, the EU’s building sector was responsible for about 40.8% of total final
energy consumption [1]. In the same year, space heating and domestic hot water produc-
tion in residential buildings accounted for 63.6% and 14.8% of total energy consumption,
respectively [2]. Additionally, in 2019, the building sector in Greece accounted for 40.6%
of the final energy consumption (26.7% and 13.9% for residential buildings and tertiary
sector, respectively) [1]. Many studies have shown that the building sector offers great
potential for energy savings. The construction and renovation of buildings with advanced
design techniques and the use of appropriate materials, the energy upgrade of heating
and cooling systems, and the expansion of the use of renewable energy technologies are
measures that can minimize energy consumption, improve energy efficiency, and reduce
greenhouse gas emissions.

The EU 2030 and 2050 frameworks have set ambitious goals for reducing the primary
energy consumption from fossil fuels and the related CO, emissions [3-5]. To achieve
these goals, the EU has introduced a series of directives [6—11] that require a significant
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reduction in energy use in both new and old buildings and promote the integration of high-
efficiency heating, ventilation, and air conditioning (HVAC) technologies that use RES for
their operation. In particular, Directive 2018/844 [11] aims to accelerate the energy upgrade
of existing buildings, aiming for a building stock with zero carbon footprint by 2050.

It is very likely that, at some point in the future, the electricity grid will be completely
“decarbonized”, and the energy used by the HVAC systems in buildings will increasingly
come from RES-generated electricity, such as photovoltaic systems, wind farms, and hy-
droelectric power plants, while the energy generated by the fossil fuels will tend to be
zero. Additionally, the expansion of the implementation of energy saving programs and
energy upgrade of the buildings with economic incentives from government services and
agencies, in addition to the development of the market of buildings with nearly zero-energy
consumption (NZEB), will lead to continuous and large reduction of building heat losses.
As building design heat loads drop, it becomes difficult (or sometimes impossible) to
find gas or oil-fired boilers that would not be significantly oversized for these loads and
therefore operate with reduced efficiency.

The Greek and European heating and cooling market will be affected by these trends
and conditions. The increasing use of electricity will contribute to the wide use of heat
pumps (HPs) and their installation in heating and cooling systems of buildings. Today,
HPs are systems highly efficient, with low gas emissions given off locally, economically
competitive due to their low operating costs compared to other heating systems, and their
technology is mature and reliable [12] and can contribute significantly to achieving the
goals of the EU. Most of the heat they provide comes from renewable sources (air, water,
and soil) while with the “decarbonization” of electricity production will be considered
as devices that operate exclusively with RES. In addition, HPs can use locally generated
electricity in buildings.

AWHPs are heat generators that are expected to widely replace oil or gas boilers in
conventional heating systems, especially in large city buildings, where the installation of
ground-to-water HPs is very difficult. With the progressive reduction of the heat losses of
the buildings, due to the energy upgrade, HPs offer more options in the range of heating
capacities that can be combined with the lower heating loads. In general, AWHPs can
operate in a wide range of outdoor temperatures, have low operating costs at low hot water
temperatures, and are small in size and easily installed at relatively moderate prices. By
installing thermal storage in heating and cooling systems, HPs will be able to operate in
high-efficiency conditions [13] and eliminate the gap between electricity production and
use by operating as thermal batteries. From the above, it appears that the market of HP is
expected to grow rapidly. According to recent statistics [14], the number of air-to-water HP
units sold in 2018 in Europe (EU-28) was 21.5% higher compared to those of 2017.

The HP’s efficiency is given by the coefficient of performance (COP) in heating mode
and the energy efficiency ratio (EER) in cooling mode. The COP and EER coefficients repre-
sent momentary values measured under steady state operating conditions in a laboratory
environment and vary according to the temperature of the heat source and sink. A detailed
recording and comparison of COP and EER coefficients in relation to thermal and cooling
power and temperature difference between the heat source and sink, based on the technical
characteristics of 308 different air-to-water and 122 ground-to-water models available in
the Greek market, is given in [5].

The HP seasonal efficiency is given by the seasonal coefficient of performance in
heating mode (SCOP) and the seasonal energy efficiency ratio in cooling mode (SEER),
respectively [5]. Seasonal efficiency is calculated by considering several external factors,
such as the ambient air temperature, the building thermal or cooling load, the temperatures
of the heating or cooling medium, and the HP’s control system [4]. The impact of various
factors, such as the climate, the compressor technology, and the HP over- or under-sizing in
relation to the thermal load of the building and the control system, on the seasonal efficiency
of the HP has been studied by various researchers abroad [13,15-20] and in Greece [4,21].
Francesco Madonna and Francesca Bazzocchi [15] presented a model simulating the hourly
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efficiency of reversible inverter-driven AWHPs and highlighted that the HPs seasonal
efficiency is greatly affected by the climate of the location and the HP sizing. They also
concluded that the HP seasonal efficiency increases by applying a weather compensation
control system. Naldi et al. [16] estimated the SCOP of fixed-capacity mono-compressors,
multi-compressors, and inverter-driven HPs installed in several buildings with different
thermal insulation and concluded that HPs with inverter-driven compressors appear to
have optimal seasonal efficiency. Dongellini et al. [17] presented an operation simulation
of three AWHPs (on—off mono-compressor, multi-compressor, and inverter-driven) in
11 different buildings in Bologna and highlighted the importance of the HP sizing. More
specifically, inverter-driven HPs show the highest seasonal performance when the nominal
heating capacity is equal to the design load, while on—off compressor HPs have maximum
SCOP when they are slightly oversized. In another work, Dongellini et al. [18] calculated the
SEER and SCOP of three AWHPs (on—off mono-compressor, multi-compressor and inverter-
driven) installed in an office building placed in three representative cities and pointed-out
that the correct sizing of a HP is an important factor that affects the overall efficiency,
while the inverter-driven and the multi-compressor HPs show higher seasonal efficiency
than the ones with on-off mono-compressor. Dongellini and Morini [19] investigated
the effect of on—off cycling, during partial load operation, on the SCOP of fixed-capacity
(single-stage units and multi-stage units) and inverter-driven AWHPs. They presented
that the energy losses that appear during the on-off cycle operation have a significant
impact on the energy performance only for single-stage units (decrease of the SCOP up to
12%). Dongellini et al. [20] examined the influence of the heat pump size on the seasonal
performance of a hybrid HP system, namely an inverter-driven HP coupled with a back-up
heater either with electric resistances or condensing gas boiler. They demonstrated that
the overall seasonal efficiency of this system can be increased by up to 22% compared to
the efficiency of the gas boiler, if the heat pump covers the 74% of the building design
thermal load. Huchtemann and Miiller [13] presented a simulation study of an AWHP
operation with a control strategy by adapting the water supply temperature according
to the building actual thermal load. They showed that, with this control strategy, the
overall seasonal performance increases by 0.19 (from 2.65 to 2.84), while the primary energy
consumption decreases by 6.8%. In Greece, Mouzeviris and Papakostas [4] calculated the
SCOP of 66 AWHPs (fixed-capacity and inverter-driven) installed in four representative
cities of the four Greek climate zones. The numerical results of this work showed the
influence of factors such as the climate, the water outlet temperature, the use of weather
compensation, and the HP’s compressor technology on the AWHPs seasonal efficiency. In
another work, Mouzeviris and Papakostas [21] examined the impact of the HPs sizing on
the SCOP of a fixed-capacity and an inverter-driven HP in correlation with the climate of
the four Greek climate zones, the water outlet temperature, and the control system. Their
results highlighted that the inverter-driven HPs show optimal performance when they are
sized at the design outdoor air temperature, while in the case of the fixed-capacity HPs,
they show optimal performance when they are down-sized, which is consistent with the
results of Dongellini [17]. Recent studies have shown that the HP seasonal performance
increases when a thermal energy storage tank (TEST) is integrated in the HP operation.
Wau et al. [22] presented a novel operation strategy in a heating system consisting of an
AWHP integrated with a TEST. The heating system was monitored for approximately
3.5 months (1 December to 11 March), and the results showed an improvement of the
SCOP (2.95) by 26.1% compared to the SCOP (2.34) of the continuous HP operation without
a TEST. Kudela et al. [23] presented a computational model of a system, consisting of a
HP, a low-temperature heat storage and control unit. In the building examined in this
study, a low-temperature heating system with a maximum water temperature of 45 °C
was installed. There were two low-temperature heat sources available that were used
alternatively by the HP, depending on the outdoor air temperature. Their results showed
that, by applying a control strategy with a HP control algorithm using the meteorological
data prediction, the use of the low-temperature thermal energy storage tank increases the
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SCOP by approximately 5.2%. In another work, Pospisil et al. [24] developed a model
of a heating system combined with a TEST in which they highlighted the relations of
the SCOP with the TEST capacity and the heat pump’s control system. They used an
algorithm of predictive control for different operating parameters and TEST capacities
and concluded that the application of a predictive control increases the SCOP by 23%
and decreases the annual energy consumption by 20%. Renaldi et al. [25] presented an
optimization framework with the integration of a TEST in an AWHP heating system for
different electricity tariffs. They showed that combining an AWHP with a TEST reduces
the operational cost compared to the HP-only scenario cost.

The aim of this paper is to present a comparative analysis of the seasonal coefficient
of performance in heating mode (seasonal coefficient of performance—SCOP) of AWHPs,
which are available in the Greek market. The sample includes a total of 100 models from
12 manufacturers. The comparative analysis is based on (a) the technical specifications of
the various models given in the technical data books of each company, (b) the climate of the
location where the HP is installed, (c) the water outlet temperature to the heating system
(Tw,outlet), and (d) the HP’s control system. The calculation of the seasonal efficiency was
performed with a special software that was developed, based on the method proposed
by the standard EN14825 [26]. This work is an extension and update of the work [4]
but also a more detailed investigation of the correlation of the SCOP with all the above
parameters and with the HPs” heating capacity. Furthermore, in the present study, it was
investigated under which conditions the SCOP is equal or greater than 3, which is a criterion
for the economic operation of a HP but also for its characterization as RES. The selected
companies are, alphabetically, Carrier [27], Climaveneta [28], Daikin [29], DeDietrich [30],
Hitachi [31], LG [32], Mitsubishi [33], Rhoss [34], Stiebel Eltron [35], Toshiba [36], Trane [37],
and York [38].

2. Methodology—Climate Data

The seasonal coefficient of performance (SCOP) is defined as the ratio of the total
energy provided by the HP to the heating system (in thermal kWh) to the total annual
energy (in kWh of electricity) consumed for heating operation and is an index of the HP’s
operating costs [4,21,26]. The SCOP calculation methodology is described in detail in a
previous work by the authors [39]. The methodology requires appropriate climatic data,
which are called bin data and are the occurrence frequency of the outdoor air temperature
(of the region in which the HP is installed) at various temperature intervals with a range of
1 or 2 K. The EN14825 standard classifies Europe into three climate zones, warmer, medium,
and colder, with outdoor design temperatures for the calculation of heat losses (Tges) of 2,
—10, and —22 °C, respectively, and provides the occurrence frequency of the outdoor air
temperatures for these three zones. Greece is classified in the warmer zone, and, according
to EN14825, the climate data of the warmer zone should be used for the calculation of
SCOP. However, it has been shown that comparing the SCOP values obtained by using
the climate data of the standard EN14825 with those obtained by real climate data from
different regions, large discrepancies occur in many cases [4,39]. More specifically, in Greek
regions with milder climates (Heraklion and Athens), the calculated average seasonal
efficiency in heating with actual temperature data is 5% higher when compared to that
resulting from the standard, while in areas with colder climates (Thessaloniki and Florina),
there are deviations from 8% to 28%. The analysis in the present work was performed with
the use of climatic data of four cities [40—43], representative of the four climatic zones of
Greece [44]. These cities are lerapetra (zone A), Athens (zone B), Thessaloniki (zone C), and
Florina (zone D). The Ty in these four cities are 7, 2, —2, and —7.5 °C, respectively [45].

When the outdoor air temperature is equal to Tges, the heat load of the building is
equal to the design heat losses, namely the 100%. On the other hand, when the outdoor air
temperature is equal to a temperature called balance temperature (T},,;), which according
to [26] is 16 °C, the heat load of the building is equal to zero. Based on the assumption that
the heat load is linearly correlated to the outdoor air temperature, the duration of operation
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of the heating system (in hours) can be calculated. For temperatures above T.s, the heat
load of the building is equal to a percentage of the design load and in temperatures below
the Tges it exceeds it. In Table 1, data for the duration of the heating season and of the
building heat load, for the four representative cities of this study, are given. Specifically,
the temperature intervals (bins), their middle values, the frequency of occurrence (h) of
the outdoor air temperature in each bin, and the heat load values in percentage (%) of the
design heat load are sequentially shown in columns with numbers 1, 2, 3, and 4, while in
columns with number 5, the hours during which the heat load of a space/building/thermal
zone is equal or exceeds the corresponding percentage of the design heat load in Column
4 is given.

Table 1. Hours during which the space/building heat load equals or exceeds each given percentage
of design heat load for the 4 representative cities.

Ierapetra Athens Thessaloniki Florina
(Tges =7 °C) (Tge =2 °C) (Tge = —2°C) (Tges = —7.5°C)
(W) ) 3) (€] (5) 3) (€] (5) 3) @) (5) 3) 4) (5)
k- g k k-
Y S 33 S 33 3 %73 3 83
g £ £ e N§ s A B~ c  AN§ s PEERAR
" 3 ® & B @ »  ZE @ BT @ & BT
£ = g g S§ 2 g 5§ Z 8 =5 2 §d =5
2 3 2 a =2 2 A ol - a) =y 2 A =7
= - < 3 - < & -~ 9 “— S o
= S ZR S ZR S A S =R
(@) (@) (h) (h) (h) (h) (h) (h) (h)
—18/-16 —-17 - - - - - - - - - 1 140.4 1
—16/—-14 —-15 - - - - - - - - - 2 131.9 3
—14/-12 -13 - - - - - - - - - 6 123.4 9
—-12/-10 —11 - - - - - - - - - 15 114.9 24
—10/-8 -9 - - - - - - - - - 28 106.4 52
—8/—6 -7 - - - - - - - - - 69 97.9 121
—6/—4 -5 - - - 2 150.0 2 10 116.7 10 128 89.4 249
—4/-2 -3 - - - 4 135.7 6 22 105.6 32 226 80.9 475
—-2/0 -1 - - - 6 121.4 12 54 944 86 357 72.3 832
0/2 1 22 166.7 22 36 107.1 48 171 83.3 257 481 63.8 1313
2/4 3 34 144.4 56 100 929 148 300 72.2 557 569 55.3 1882
4/6 5 93 122.2 149 215 78.6 363 407 61.1 964 591 46.8 2473
6/8 7 197 100.0 346 379 64.3 742 582 50.0 1546 584 38.3 3057
8/10 9 374 77.8 720 552 50.0 1294 697 38.9 2243 555 29.8 3612
10/12 11 571 55.6 1291 725 35.7 2019 670 27.8 2913 496 21.3 4108
12/14 13 724 33.3 2015 824 214 2843 628 16.7 3541 407 12.8 4515
14/16 15 781 111 2796 766 7.1 3609 536 5.6 4077 282 43 4797

Figure 1 shows the percentages of the design heat load (%) for each of the four cities and
the corresponding hours observed, as shown in the last two columns of Table 1 (Columns
4 and 5) for each city. The area enclosed by the curve and the two axes of the diagram is
proportional to the total energy required for heating in a winter season. During the hours
when the percentage of the load is less than or equal to 100%, the heating demand is covered
by the operation of the HP, while for percentages greater than 100%, it is covered by the
auxiliary heating source (e.g., electrical resistances). In the case of the city of lerapetra, the
area corresponding to a percentage of design load greater than 100% is 5.3% of the total area.
It is characteristic that, in the other cities (Athens, Thessaloniki, and Florina), the respective
percentages are significantly lower (0.7%, 0.3%, and 0.4%, respectively). Additionally, in
lerapetra, the total hours under the heating design temperature are equal to 346 h (Figure 1,
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=0

point A), which is particularly greater compared to the corresponding of the three other
cities (98, 59, and 104 h for Athens, Thessaloniki, and Florina, points C, D, and B on the
horizontal axis, respectively).

200
180

160 4

140 -
—lerapetra

l\ ‘ —Athens
design heat load —Thessaloniki

\
\\ Florina

60 1

N

100

% design load

0 1000 2000 3000 4000 5000 6000
Hours during which heat load 2 design load

Figure 1. Heating period duration (h) for each city and number of hours during which the heat
load > design heat load.

Of course, the bin data are the result of statistical processing of long periods of
temperature records and do not mean that these temperatures are observed every year,
but they are likely to be observed in years with severe winters. These two remarks are
important, as will be seen from the results of this work.

Figure 2 shows an example of a typical heating capacity characteristics curve of an
air-to-water HP (blue line) with the corresponding building’s heat load curve (red line), for
a Tges = —2 °C and with Tpy; = 16 °C. At the T4, the corresponding design heat load (Pges)
is 30 kW, while at the same temperature, the HP’s heating capacity (Ppp) is 18 KW (point
C). The remaining heat load (12 kW), below the temperature corresponding to point B, is
covered by the operation of the electrical resistances. The temperature at which the HP
covers 100% of the heat load (point B) is called bivalent temperature (T, ) and in this case
is approximately equal to 3 °C. When the outdoor air temperature is higher than Ty, the
HP’s heating capacity is greater than the building’s heat load and the HP operates at partial
load either by adjusting its heating capacity (HP with inverter-driven compressor) or by
operating with on-off cycles (HP with fixed-capacity compressor). The heat supply from
the HP can also be adjusted with weather compensation, namely by adjusting the water
supply temperature to the heating system. In addition, the HP’s heating capacity curve
stops at a minimum temperature (TOL—operation limit temperature), below which the
HP stops its operation. In the present work, for the calculation of SCOP, it was assumed
that the design load of the building/space/thermal zone in each case study is equal to the
maximum heating capacity of the heat pump. In other words, in each case, the heating
capacity of the HP is selected equal to the design load of the building, and the auxiliary
heat source (electrical heaters) operates only if the outdoor air temperature is lower than
Tges- Therefore, according to the data presented in Figure 1 and Table 1, an air-to-water
heating system is likely to operate with electrical heaters for 5.3%, 0.7%, 0.3%, and 0.4% of
the hours of the heating season in lerapetra, Athens, Thessaloniki, and Florina, respectively.
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Figure 2. Building heat load line and HP’s heating capacity curve.

3. Description of the Sample

The results presented in this work are based on the data collected from the technical
data books of 100 AWHP models from 12 manufacturers. The nominal heating capacity of
the sample ranges from 2 to 50 kW, while 58 models have a fixed capacity compressor and
42 models an inverter-driven compressor. The operation characteristics that were taken
from the technical data books are the HP’s heating capacity (W), the electrical power input
(W), and the corresponding coefficient of performance in heating (COP), as a function of
the outdoor air temperature and the water outlet temperature from the HP. Table 2 presents
in detail the 12 manufacturers along with the corresponding AWHP models.

Table 2. Heat pumps manufacturers, types, and number of models (in brackets).

Company Model Type (Models in Sample)
30AWH (7)
30RQ (3)
CARRIER 30RQA (3)
30RQV (1)
38AW (5)
CLIMAVENETA AWRMTD? (4)
ERHQ (3)
EUWP (4)
DAIKIN EUWYN (4)
EWYQ (5)
DE DIETRICH AWHP (5)
HITACHI RHUE(5)
LG AHUW (10)

MITSUBISHI PUHZ (7)
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Table 2. Cont.

Company Model Type (Models in Sample)
THAETY (3)
RHOSS THAITY (2)
THCETY (2)
STIEBEL ELTRON WPL (6)
TOSHIBA HWS (7)
CXA (6)
TRANE FLEX (1)
YORK YLHA (7)

4. Discussion

Figures 3-6 show the SCOP values in relation to the heating capacity of the AWHPs of
the sample for the cities of lerapetra, Athens, Thessaloniki, and Florina, respectively. The
results are presented considering water supply temperatures of 35, 45, and 55 °C and a
control system with or without weather compensation.

5.0 5.0
4.5 4.5
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4.0 *® ® Company 2 4.0 - *® 4 ® Company 2
. A .ty S Y
Henm Q ol o Company 3 e | R ’ ° A Company 3
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(c) (d)

Figure 3. Cont.
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Figure 3. SCOP against HP’s heating capacity for the city of lerapetra: (a) Ty outet = 35 °C—without
compensation, (b) Ty, outet = 35 °C—with compensation, (c) Ty outet = 45 °C—without compen-
sation, (d) Ty, qutet = 45 °C—with compensation, (e) Ty ouret = 55 °C—without compensation,
(f) Tuy,outlet = 55 °C—with compensation.

In the case of Climatic Zone A (lerapetra), the values of SCOP range from 1.77 to 4.2,
as shown in Figure 3, depending on the Ty, oyet to the heating system, the control system,
and the compressor technology. More specifically, in the case of HPs with heating capacity
up to 20 kW, the SCOP ranges from 2.71 to 4.2, from 2.17 to 3.58, and from 1.83 to 2.87 for
Toutlet 35, 45, and 55 °C, respectively. For HPs with heating capacities from 20 to 50 kW,
the ranges of SCOP values are from 2.62 to 3.68, from 2.2 to 3.15, and from 1.77 to 2.92 for
Ty outlet 35, 45, and 55 °C, respectively.
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Figure 4. SCOP against HP’s heating capacity for the city of Athens: (a) Ty, outtet = 35 °C—without
compensation, (b) Ty outlet = 35 “C—with compensation, (c) Ty, outet = 45 °C—without compen-
sation, (d) Ty, outtet = 45 °C—with compensation, (e) Ty ounet = 55 °C—without compensation,
(f) Ty, outlet = 55 °C—with compensation.
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Figure 5. SCOP against HP’s heating capacity for the city of Thessaloniki: (a) T, outlet = 35 °C—
without compensation, (b) Ty, outet = 35 °C—with compensation, (c) Ty, outlet = 45 °C—without
compensation, (d) Ty, outlet = 45 °C—with compensation, (e) T, outlet = 55 °C—without compensation,
(f) Ty, outlet = 55 °C—with compensation.
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Figure 6. SCOP against HP’s heating capacity for the city of Florina: (a) T, oupet = 35 °C—without
compensation, (b) Ty outlet = 35 °C—with compensation, (¢) Ty outet = 45 °C—without compen-
sation, (d) Ty, outlet = 45 °C—with compensation, (e) Ty outet = 55 °C—without compensation,
(f) Tw,outlet = 55 °C—with compensation.

Concerning Climatic Zone B (Athens) the values of SCOP, as shown in Figure 4, range
from 1.64 to 4.64. For HPs with heating capacity up to 20 kW, the SCOP ranges from 2.6 to
4.64, from 2.1 to 4.02, and from 1.7 to 3.49 for T,y gutiet 35, 45, and 55 °C, respectively, while
for HPs with heating capacity from 20 up to 50 kW, the SCOP values range from 2.52 to
4.15, from 2.08 to 3.62, and from 1.64 to 3.17 for Ty, oyt 35, 45, and 55 °C, respectively. It is
observed that the maximum values of SCOP are higher in the city of Athens than those
in lerapetra, although the climate in Ierapetra is clearly milder. As mentioned Section 2,
this paradox in the case of lerapetra is due to the particularly high number of hours, in
which the outdoor air temperature is lower than the T4.5, which causes the operation of
the HP for a much longer period (compared to the case of Athens) with electrical heaters,
causing a reduction in its seasonal efficiency. According to the conclusions of [21], in the
case of lerapetra, the HPs should be selected with a heating capacity corresponding to a
temperature lower than T4.4 in order to increase the number of operating hours of the HP
and to reduce the operation of the electrical heaters (the same applies to all regions whose
climate has these characteristics).

In the case of Thessaloniki (Climate Zone C), the values of SCOP, as displayed in
Figure 5, range from 1.55 to 4.52 depending on the water supply temperature to the heating
system, the control system, and the compressor technology. In the case of HPs with heating
capacity up to 20 kW, the SCOP ranges from 2.40 to 4.52, from 1.96 to 3.93, and from 1.55 to
3.34 for water supply temperatures of 35, 45, and 55 °C, respectively. The ranges of SCOP



Energies 2022, 15, 279

13 of 21

for HPs with heating capacity from 20 to 50 kW are from 2.39 to 3.93, from 1.97 to 3.44, and
from 1.72 to 3.04 for water supply temperatures of 35, 45, and 55 °C, respectively.

Finally, in the case of Florina (Climate Zone D), the SCOP values, as presented in
Figure 6, range from 1.38 to 4.03. More specifically, HPs with heating capacity up to 20 kW
show SCOP values that range from 2.07 to 4.03, from 1.67 to 3.51, and from 1.38 to 3.05 for
Tw,outlet 35, 45 and 55 °C, respectively. The ranges of SCOP for HPs with heating capacity
from 20 to 50 kW are from 2.41 to 3.53, from 1.82 to 3.03, and from 1.55 to 3.07 for Tw,outlet
35, 45, and 55 °C, respectively.

The results, in the climatic conditions of all four cities, show that the AWHPs with
heating capacity up to 20 kW have a wider range of SCOP values as well as higher maximum
values in relation to the AWHPs with heating capacities from 20 to 50 kW. This is particularly
important because, in nZEBs or apartments with very low heat loads, highly efficient
AWHPs may be installed after a proper market research.

Table 3 shows the range and the average of SCOP values, in relation to three param-
eters, the Ty, sunet (35, 45, or 55 °C), the control system (with compensation or without
compensation), and the HPs compressor technology (fixed capacity or inverter-driven).
As can be seen from the table values, the HPs with a variable speed compressor (inverter-
driven) show an increased average SCOP value by 11%, 18%, 16%, and 11% in lerapetra,
Athens, Thessaloniki, and Florina, respectively, compared with the corresponding SCOP
of HPs with a fixed-capacity compressor. Additionally, these values appear even higher
(12%, 21%, 18%, and 13%, respectively) with a water compensation control system. Of
course, as mentioned in the previous section, the calculation of SCOP was based on the
assumption that the design load of the building in each case study is equal to the maximum
heating capacity of the HP. If the HPs with a fixed-capacity compressor were selected with
a heating capacity less than the design load of the building, the SCOP values in the four
cities could be increased by up to 4% according to [21]. It is a subject of future research to
show if this also applies to other locations in Greece.

Table 3. Seasonal coefficient of performance range (SCOP) of fixed-capacity and inverter-driven HPs.

HP Water Outlet Control Ierapetra Athens Thessaloniki Florina

Compressor Temperature System*  Min + Max Mean Min < Max Mean Min+~Max Mean Min <+ Max Mean
N.Comp.  2.62 +3.63 3.16 2.52 < 3.68 3.12 2.39 = 3.49 2.99 2.07 +3.26 2.77
35°C W.Comp. 2.67 +3.71 3.22 2.61 + 3.88 3.24 248 <+ 3.67 3.12 2.11 +3.39 2.88
CFXI()FA%_ 15°C N.Comp. 217 +2.92 2.59 2.07 +~2.86 2.49 1.96 = 2.77 2.37 1.67 = 2.60 2.21
ITY W.Comp. 235314 2.80 2.34 = 3.34 2.83 223 =321 2.73 1.83 +291 2.50
N.Comp. 1.77 =240 2.19 1.64 = 2.33 2.09 1.55 =+ 2.29 2.01 1.38 = 2.65 1.90
»UC W.Comp. 2.11 = 2.68 247 220277 2.56 211 =277 2.49 1.84 + 3.07 2.33
N.Comp.  3.24 +4.03 3.54 3.30 +4.30 3.74 295 +4.15 3.53 248 +3.72 3.10
3rC W.Comp. 3.26 +4.20 3.66 3.40 = 4.64 3.98 3.07 =+ 4.52 3.77 2.58 = 4.03 3.30
INVERTER N.Comp. 2.53 +3.22 2.87 2.58 +3.35 2.95 237 +3.22 2.79 2.00 +2.89 249
DRIVEN rC WComp. 287358 316 296:402 347 2702393 328 2233351  2.90
s50C N.Comp. 2.10 < 2.65 241 1.97 =271 2.41 1.84 = 2.60 2.26 1.48 = 2.38 2.03

W.Comp. 242 +297 271 249 +3.49 298 227 +3.34 2.84 1.81 = 3.01 2.50

* Control system: N.Comp. (no compensation), W.Comp. (with compensation).
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In Tables 4-7, the range of SCOP values for each company for the four cities under

study and for Ty guet 35, 45, and 55 °C is presented. If the SCOP > 3.0 condition is set as
a criterion for the economic operation of the HP and for its characterization as RES, then,
based on the results of the present work, the following emerges:

(a)

(b)

(©

(d)

In the case of lerapetra (Table 4) and for T, outet = 35 °C, most of the models of the
sample offered from all the 12 companies show SCOP > 3.0 (86 models without
compensation and 90 with compensation control system). For Ty, oyiet = 45 °C, the
corresponding number of models that have SCOP > 3.0 decreases significantly (only
7 models without compensation and 49 models with compensation control system
offered from 4 and 9 of the 12 companies, respectively). It is worth mentioned that for
Tw,outlet = 95 °C, none of the HPs of the sample have SCOP > 3.0.

In the case of Athens (Table 5), when T, uet = 35 °C, the number of models that
meet the SCOP > 3 condition is also significant (81 models without compensation
and 87 models with compensation control system from all 12 companies). When
Tuw,outlet = 45 °C, the corresponding number decreases, as it also significantly de-
creases in the Climatic Zone A (19 models without compensation and 55 models
with compensation control system from 5 and 11 of the 12 companies, respectively).
Additionally, for constant Ty, oyget = 55 °C, none of the AWHPs have SCOP > 3.0,
while the criterion is fulfilled by 19 models with a compensation control system from
three companies.

In the case of Thessaloniki (Table 6), the number of HPs with SCOP > 3 is reduced
even more, especially when the water supply temperature to the heating system is
45 °C. More specifically, for Ty, outet = 35 °C, the corresponding number of models is
76 and 81 without and with compensation control system, respectively, from all the
12 companies. When Ty, o,t1et = 45 °C, then only four models without compensation
and 41 models with compensation control system from two and nine companies,
respectively, show SCOP > 3. Moreover, for constant Ty, ouet = 55 °C, none of
the AWHPs have SCOP > 3.0, while the criterion is fulfilled by 16 models with
compensation control system from three companies.

Finally, in the case of Florina (Table 7), the number of HPs with SCOP > 3 is signif-
icantly reduced, both for Ty, oytet = 35 °C (46 and 56 models without or with compensa-
tion control system from 8 and 11 companies, respectively) and for
Ty outlet = 45 °C (16 models with compensation control system from five companies),
while for Ty, gutiet = 55 °C, none of the HPs of the sample show SCOP > 3.0.

Table 4. AWHPs’ SCOP per company: lerapetra, water outlet temperature 35, 45, and 55 °C.

Climatic Zone: A (Ierapetra)

Company No Fixed Capacity Compressor Inverter Capacity Compressor
) No Compensation With Compensation No Compensation With Compensation
Water Outlet Temperature: 35 °C
1 - - 3.39 +4.03 3.49 +4.20
2 - - 3.24 +3.79 3.36 + 3.96
3 2.96 +3.26 3.01 +3.32 - -
4 291 +3.29 297 +3.37 3.50 + 3.68 3.60 = 3.78
5 3.07 +3.34 3.12 +3.40 - -
6 3.29 +3.63 3.36 +3.71 - -
7 297 +3.13 3.03 +3.20 - -
8 - - 3.40 +3.71 3.44 +3.78
9 3.22 +3.43 3.40 + 3.50 - -
10 291 +3.16 295 +3.21 333+3.71 3.45 +3.90
11 3.15 + 3.52 3.21 + 3.58 - -
12 2.62 +2.77 2.67 +2.82 3.26 +3.73 3.37 +3.89
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Table 4. Cont.

Climatic Zone: A (Ierapetra)

Company No Fixed Capacity Compressor Inverter Capacity Compressor
) No Compensation With Compensation No Compensation With Compensation

Water Outlet Temperature: 35 °C
Water Outlet Temperature: 45 °C

1 - - 2.78 +3.22 3.03 + 3.58

2 - - 2.53 +3.00 2.89 +3.41

3 248 273 2.66 +2.94 - -

4 2.37 +2.69 2.56 +2.90 2.92 +3.02 3.15+3.25

5 2.59 +2.75 2.74 +2.96 - -

6 2.64 +2.85 2.90 = 3.14 - -

7 2.41 +2.64 2.62 +2.75 - -

8 - - 2.76 + 3.04 3.01 +3.26

9 2.62 +2.75 292 +3.01 - -

10 2.54 +2.66 2.69 +2.83 2.71 +3.06 3.11 + 3.34

11 2.54 292 2.73 +3.14 - -

12 217 +231 2.35 + 247 2.63 <+ 2.89 2.87 +3.25
Water Outlet Temperature: 55 °C

1 - - 2.26 +2.56 2.59 +297

2 - - 2.27 +2.62 2.46 +2.87

3 219 +231 2.37 + 2.58 - -

4 1.77 +2.26 211 +2.52 - -

5 2.04 =212 2.35 +2.40 - -

6 2.02 +2.27 2.36 + 2.61 - -

7 - - - -

8 - - 2.30 +2.44 2.58 +2.74

9 2.21 +2.33 2.50 + 2.60 - -

10 - - 2.36 +2.65 2.64 292

11 2.10 +2.40 2.33 + 2.68 - -

12 - - 2.10 +2.16 242 +2.50

Table 5. AWHPs’ SCOP per company: Athens, water outlet temperature 35, 45, and 55 °C.
Climatic Zone: B (Athens)
Company No. Fixed Capacity Compressor Inverter Capacity Compressor
No Compensation With Compensation No Compensation With Compensation

Water Outlet Temperature: 35 °C

1 - - 3.40 + 4.30 3.56 + 4.64

2 - - 3.48 +4.18 3.72 +4.52

3 2.96 = 3.28 3.07 =+ 3.40 - -

4 2.87 +3.29 2.98 = 3.44 3.69 +3.79 3.88 + 3.97

5 3.05 +3.34 3.15 + 3.46 - -

6 3.22 +3.68 3.34 = 3.88 - -

7 2.85+3.16 2.95 +3.29 - -

8 - - 3.33 + 3.69 3.40 + 3.83

9 3.15+3.45 3.47 = 3.60 - -

10 2.75 +3.05 2.82 +3.14 3.70 + 4.08 3.98 + 4.41

11 3.16 + 3.55 3.28 + 3.67 - -

12 2.52 +2.72 2.61 +2.82 3.30 =+ 4.02 3.44 =433
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Table 5. Cont.

Climatic Zone: B (Athens)

Fixed Capacity Compressor Inverter Capacity Compressor
Company No.
No Compensation With Compensation No Compensation With Compensation
Water Outlet Temperature: 35 °C
Water Outlet Temperature: 45 °C
1 - - 2.74 + 3.35 3.13 +4.02
2 - - 2.65 +3.12 322 +3.87
3 247 =271 2.78 + 3.06 - -
4 227 +2.62 2.61 +3.00 2.93 + 3.06 3.35 + 3.46
5 2.50 +2.69 2.78 +3.04 - -
6 2.52 +2.78 291 +3.34 - -
7 224 +251 2.56 +2.74 - -
8 - - 2.66 +2.93 3.00 +3.31
9 2.49 +2.70 3.02 +3.12 - -
10 233 +2.49 2.54 +2.78 290 +3.28 3.53 + 3.88
11 2.46 = 2.86 2.79 +3.20 - -
12 2.07 +2.19 2.34 +2.46 2.58 +3.01 2.96 + 3.69
Water Outlet Temperature: 55 °C
1 - - 2.16 +2.68 272 +3.39
2 - - 2.19 + 2.64 2.71+3.23
3 212 +2.26 2.46 +2.70 - -
4 1.64 - 2.16 22261 - -
5 1.93 +2.03 2.44 +2.50 - -
6 1.86 +2.16 248 +2.75 - -
7 - - - -
8 - - 2.14 +2.28 2.56 +2.79
9 212 +2.22 2.62 +2.69 - -
10 - - 242 =271 3.04 +3.49
11 2.01 +2.33 237 +2.77 - -
12 - - 1.97 +2.01 249 +2.57
Table 6. AWHPs” SCOP per company: Thessaloniki, water outlet temperature 35, 45, and 55 °C.
Climatic Zone: C (Thessaloniki)
Company No. Fixed Capacity Compressor Inverter Capacity Compressor
No Compensation With Compensation No Compensation With Compensation

Water Outlet Temperature: 35 °C

1 - - 327 +4.15 3.43 +4.52
2 - - 3.28 +3.91 3.51 = 4.22
3 2.88 +3.18 2.99 +3.30 - -
4 277 =317 2.89 +3.31 3.58 + 3.67 3.78 +3.87
5 294 = 3.20 3.05 +3.33 - -
6 3.09 +3.49 3.24 +3.67 - -
7 2.6 +3.07 2.68 = 3.20 - -
8 - - 295 +3.31 3.07 = 3.45
9 3.04 +-3.34 3.36 +3.49 - -
10 2.60 = 2.96 2.68 = 3.06 3.48 + 3.89 373 +~4.14
11 3.13 =+ 3.46 3.26 =+ 3.59 - -
12 2.39 +2.63 248 +-2.74 3.09 + 3.80 3.26 = 4.09
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Table 6. Cont.
Climatic Zone: C (Thessaloniki)
Company No. Fixed Capacity Compressor Inverter Capacity Compressor
No Compensation With Compensation No Compensation With Compensation
Water Outlet Temperature: 35 °C
Water Outlet Temperature: 45 °C
1 - - 2.60 + 3.22 3.01 +3.93
2 - - 252 +299 3.04 + 3.68
3 242 +2.66 2.73 +3.00 - -
4 215 +2.54 255 +292 2.82 +2.95 3.25 + 3.38
5 2.40 + 2.58 2.70 + 294 - -
6 2.30 +2.69 2.82 +3.21 - -
7 2.06 +2.33 2.38 + 2.62 - -
8 - - 237 +2.67 2.70 + 3.04
9 2.39 +2.61 2.94 = 3.04 - -
10 215 +2.42 236 +2.73 2.77 +3.14 2.98 + 3.66
11 241277 2.78 +3.13 - -
12 1.96 = 2.08 2.23 +2.40 241 +291 2.82 + 3.56
Water Outlet Temperature: 55 °C
1 - - 2.04 +2.60 2.60 + 3.34
2 - - 2.03 +2.48 2.59 +3.15
3 2.05+2.22 2.40 + 2.68 - -
4 1.55 +2.08 211 +2.54 - -
5 1.84 = 1.96 2.37 +2.44 - -
6 1.76 = 2.05 241 +2.67 - -
7 - - - -
8 - - 1.86 - 2.14 227 =261
9 2.04 +2.18 257 =277 - -
10 - - 2.34 + 2.56 2.84 +3.24
11 1.98 +2.29 2.35+271 - -
12 - - 1.84 +1.88 236 +241

Summarizing the above, it seems that, in all four representative cities of Climatic Zones
A, B, C, and D, there are several HP models that accomplish the criterion SCOP > 3. This
number increases as we go from colder to warmer climate conditions in combination with
lower water supply temperature to the heating system and operation with compensation
instead of constant water temperature.

Table 8 shows the percentage increase in SCOP values resulting from the application
of the temperature compensation function as well as from the reduction of the water
supply temperature T,y ouyet from 45 to 35 °C and from 55 to 45 °C. More specifically, the
temperature compensation increases the efficiency of the fixed-capacity HPs by 2 < 4.2%
(0.06 to 0.13 in absolute values), by 7.8 + 14.9% (0.21 to 0.36 in absolute values), and by
12.7 + 23.8% (0.28 to 0.48 in absolute values) for Ty ounet 35, 45, and 55 °C, respectively,
while in the case of HPs with an inverter-driven compressor, the corresponding increase
is 3.5 + 6.8% (0.12 to 0.24 in absolute terms), 10.1 =+ 17.7% (0.29 to 0.49 in absolute terms),
and 12.5 =+ 25.4% (0.30 to 0.58 in absolute terms).

In addition, in the case of fixed-capacity HPs, by reducing the Ty, et from 45 to
35 °C, the value of SCOP increases by 21.8 + 25.9% (0.57 to 0.62 in absolute values) in
systems without temperature compensation and by 14.3 <+ 15.3% (0.39 to 0.42 in absolute
terms) when temperature compensation is applied. In the case of inverter-driven HPs, the
reduction of the Ty, ,uyet from 45 to 35 °C causes a corresponding increase of the SCOP
value by 23.3 + 26.9% (0.67 to 0.79 in absolute values) and by 14 <+ 16.1% (0.40 to 0.50 in
absolute terms). Finally, in the case of fixed-capacity HPs, by reducing the Ty, et from 55
to 45 °C, the value of SCOP increases by 16.0 + 18.9% (0.30 to 0.40 in absolute values) and
by 7.3 <+ 13.2% (0.17 to 0.33 in absolute terms) in systems without and with compensation
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control system, respectively, while in the case of inverter-driven HPs, this reduction of the
water supply temperature causes a corresponding increase of the SCOP value by 19.2 -
23.4% (0.46 to 0.53 in absolute values) and by 15.6 < 16.6% (0.44 to 0.49 in absolute terms).

Table 7. AWHPs” SCOP per company: Florina, water outlet temperature 35, 45, and 55 °C.

Climatic Zone: D (Florina)

Company No. Fixed Capacity Compressor Inverter Capacity Compressor
No Compensation With Compensation No Compensation With Compensation

Water Outlet Temperature: 35 °C

1 - - 3.06 + 3.72 3.21 +4.03

2 - - 2.88 +3.42 3.09 + 3.66

3 2.73 +2.99 2.81 + 3.09 - -

4 2.65 + 3.02 2.76 +3.14 3.28 + 3.40 3.45 + 3.56

5 2.74 +2.95 2.83 +3.05 - -

6 2.8 +3.13 292 +3.27 - -

7 2.07 +2.86 211+ 297 - -

8 - - 2.48 +2.94 2.58 + 3.04

9 2.86 +3.10 3.10 +3.24 - -

10 2.41+2.79 2.49 = 2.88 3.02 + 3.49 3.19 +3.74

11 2.99 +3.26 3.12 +3.39 - -

12 2.13 +2.46 2.20 + 2.55 2.69 +3.39 2.83 + 3.62
Water Outlet Temperature: 45 °C

1 - - 2.41 +2.89 2.77 +3.51

2 - - 2.25 +2.76 2.69 +3.25

3 2.33 +2.55 2.58 +2.82 - -

4 1.98 +2.42 2.40 +2.76 2.59 +2.70 2.96 =+ 3.07

5 2.23 +2.40 2.49 +2.70 - -

6 2.18 +2.49 2.52 +2.86 - -

7 1.67 +2.09 1.83 +2.37 - -

8 - - 2.00 + 2.53 2.23 +2.79

9 2.25 +2.46 2.73 +2.83 - -

10 1.82 +2.31 2.02 +2.59 247 +2.81 292 +3.25

11 2.28 + 2.60 2.62 + 291 - -

12 1.75 +1.88 1.96 = 2.15 2.13 + 2.65 244 +3.14
Water Outlet Temperature: 55 °C

1 - - 1.87 +2.38 2.36 + 3.01

2 - - 1.90 +2.32 2.36 +2.92

3 1.96 +2.13 2.27 +2.55 - -

4 1.38 +1.92 1.84 + 3.07 - -

5 1.70 = 1.85 215 +2.26 - -

6 1.59 +1.85 212 +2.42 - -

7 - - - -

8 - - 1.48 +2.01 1.81 +243

9 1.90 + 2.65 2.30 + 3.05 - -

10 - - 211+ 227 2.51 + 2.86

11 1.89 +2.17 2.21 +2.53 - -

12 - - 1.56 + 1.65 2.02 +2.09
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Table 8. Seasonal coefficient of performance (SCOP) increase due to decrease of the water outlet
temperature (from 45 to 35 °C and from 55 to 45 °C) and weather compensation.

Fixed-Capacity Compressor

From N.Comp. to W.Comp. From 45 to 35 °C From 55 to 45 °C
35°C 45°C 55°C N.C. W.C. N.C. W.C.
lerapetra 2.0% 7.8% 12.7% 21.8% 15.3% 18.4% 13.2%
Athens 3.9% 13.7% 22.4% 25.4% 14.6% 18.9% 10.4%
Thassaloniki 4.2% 14.9% 23.8% 25.9% 14.3% 17.9% 9.4%
Florina 4.0% 13.3% 22.6% 25.7% 15.3% 16.0% 7.3%

Inverter-Driven Compressor

From N.Comp. to W.Comp. From 45 to 35 °C From 55 to 45 °C
35°C 45°C 55 °C N.C. W.C. N.C. W.C.
lerapetra 3.5% 10.1% 12.5% 23.3% 16.1% 19.2% 16.6%
Athens 6.4% 17.7% 23.7% 26.9% 14.8% 22.6% 16.6%
Thassaloniki 6.8% 17.5% 25.4% 26.3% 14.7% 23.4% 15.6%
Florina 6.3% 16.1% 23.2% 24.5% 14.0% 23.0% 15.9%

Control system: N.Comp. (no compensation), W.Comp. (with compensation).

5. Conclusions

In this work, an analytic study on the seasonal coefficient of performance (SCOP) of
AWHPs, which are available in the Greek market, was performed. The study was based
on the technical characteristics of 100 HP models from 12 manufacturing companies. The
calculation of SCOP values was conducted according to the EN14825 standard, by taking
into account the climatic data of four representative cities, one for each climatic zone of
Greece, and considering that the heating capacity at the design temperature in each city
is equal to the building thermal load. The variables of the analysis were the HP’s heating
capacity (from 2 to 50 kW), the water supply temperature in the heating system (the cases of
35, 45, and 55 °C were examined) and the heat supply control system (considered systems
with or without weather compensation). The results show that for the climatic data of all
four cities, the AWHPs with low heating capacity (up to 20 kW) show a wider range of SCOP
values as well as higher maximum SCOP values compared to the HPs with heating capacity
from 20 to 50 kW. In addition, SCOP is highly dependent on the climatic data of the region.
In areas where the outdoor air temperature is lower than the heating design temperature
for a large number of hours, it is observed that the operation of the auxiliary energy source
(electrical heaters) reduces the seasonal efficiency. In these cases, the selection of a HP with
higher heating capacity than the design load must be considered. Two additional factors
that significantly affect the HP’s seasonal efficiency are the water supply temperature to the
heating system as well as the control of the water supply temperature. More specifically,
the application of a control system with weather compensation in the operation of the HP
increases the seasonal efficiency significantly, especially when the supply temperature is
45 and 55 °C. It is also worth mentioning that by reducing the water temperature from 55 to
35 °C, in combination with the application of the compensation control system, the SCOP
increases by 47% + 55% and 52% + 66% in the case of fixed-capacity and inverter-driven
HPs, respectively. Of the 100 HP models tested in the four representative cities, it was
found that there is a large number of HPs showing SCOP > 3, which is a criterion for the
economic operation of a HP but also for its characterization as RES. The number of HPs
that meet this criterion increases from the colder to the warmer climates in combination
with lower heating water supply temperatures and in systems with variable water supply
temperature (compensation control system) instead of constant water supply temperature.

The results confirm that the seasonal efficiency in heating is influenced by many
factors, such as the climate of the area, the technology of the compressor, the water supply
temperature to the heating system, and the water supply temperature control system,
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which should be taken under consideration in the selection of HPs and in the design of
heating systems, in order to achieve the optimal degree of efficiency of the heating system.
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