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Featured Application: An energy and environmental performance analysis of air-source and
ground-source heat pump systems able to operate with traditional (R-410A) and alternative low-
GWP (R-454B) refrigerants is conducted. The case study is composed of an existing residential
single-family house, and the coupled HVAC system is modeled by means of the commercial soft-
ware TRNSYS. The TEWI index is considered to evaluate the environmental impact of the heat
pump systems. The results of the numerical simulations show a significant reduction in the over-
all greenhouse emissions of those systems in which R-454B is employed as a refrigerant.

Abstract: The European Parliament has imposed to reduce by 2030 whole HFC emissions by at least
two-thirds with respect to 2014 levels. With the aim of contributing to determine the energy and
environmental advantages of refrigerants alternative to R-410A, this paper reports the results of
a numerical study focused on an HVAC system coupled to a residential building and based on a
reversible electric heat pump. In particular, two heat pump typologies are considered: an air-source
and a ground-source heat pump, both operating with the two refrigerants R-410A and R-454B. The
environmental performance of the studied system is assessed by means of the TEWI (total equivalent
warming impact) index. The adoption of R-454B involves a slight decrease (2-3%) in the overall
annual energy performance of the system with respect to the use of R-410A. On the other hand, the
working fluid R-454B guarantees a marked decrease in the TEWI indicator. Indeed, considering the
current Italian emission factor of electricity taken from the grid, the total emissions over the entire
heat pump operating life drop by about 25% and can decrease by up to 89% in perspective, following
the current reduction trend of the emission factor.

Keywords: low-GWP refrigerants; TEWI; seasonal energy performance; R-454B; dynamic simulations

1. Introduction

The increase in overall energy demand, combined with the instability of the price of
fossil fuels, points out that the use of renewable energy sources is not only a convenient
practice but also an absolute priority for the European Union (EU), as recently highlighted
by the European Commission through a series of challenging targets set for 2030 [1] and
2050 [2]. In this scenario, heat pumps represent one of the most efficient and promising
technologies to reduce greenhouse gas (GHG) emissions linked to civil, industrial and
commercial air-conditioning systems [3]. The adoption of HVAC (heating, ventilation
and air-conditioning) systems based on electric heat pumps instead of traditional fossil-
fuel-based generators offers a series of important advantages, among which it is worth
mentioning the integration with renewable-energy-generating systems (e.g., PV panels,
solar collectors) [4,5], the simultaneous satisfaction of energy needs related to space heat-
ing/cooling and domestic hot water (DHW) production and, finally, the simple integration
into pre-existing HVAC systems [6].
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In order to further increase the seasonal coefficient of performance (COP) of heat pump
systems and decrease their environmental impact, over the last years, particular effort has
been paid to the use of alternative refrigerant fluids [7,8]. In particular, Sayyab et al. [7]
carried out an experimental analysis on different refrigerants (R513A, R516A, R1234yf
and R134a) used in vapor compression cooling and heating systems considering the same
steady-state conditions. The authors reported that in cooling mode R513A presented the
highest system COP (up to +8%), while R516A showed the lowest system COP at the
highest evaporation temperature; however, it exhibited the highest COP and capacity at
the lowest evaporation temperature. Ma et al. [8] conducted a comparative analysis on a
gas-engine heat pump operating with R152a and R134a, without any changes in lubricant
or components; the results showed that using R152a the primary energy ratio increased by
2.6-10.4% and the natural gas consumption rate dropped by 6.0-9.5% with respect to R134a.

Coherently with this research, in the last decades, a series of protocols and regulations
have been promulgated to force manufacturers of air-conditioning and refrigeration units to
change the adopted refrigerants. As an example, with the Montreal Protocol [9], emanated
in 1987, a plan was implemented to progressively phase out the synthetic refrigerants
involved in ozone depletion, such as chlorofluorocarbon (CFC) and hydrochlorofluoro-
carbon (HCFC). Due to the ban of the abovementioned fluids, hydrofluorocarbon (HFC)
refrigerants, characterized by a null impact on the ozone layer (ozone depletion potential
(ODP) equal to zero), were developed and commercialized [10-12]. Unfortunately, HFCs
have a strong environmental impact since their emission in the atmosphere contributes to
an increase in global warming.

Since the adoption of the Kyoto Protocol [13], by means of which the joining countries
committed a series of interventions to reduce global GHG emissions, the European HVAC
market has been continuously influenced by several regulations and protocols aimed at
decreasing the environmental impact of air-conditioning and refrigerating units. Currently,
the UE protocol 517/2014 [14], known as the “F-gas Regulation”, imposes to reduce by
2030 whole HFC emissions by at least two-thirds with respect to 2014 levels. In order to
obtain these outcomes before the prescribed deadline, the regulation has introduced an
incremental phasedown of HFC refrigerant fluids, forcing an increasing reduction in the
quantity of these fluids that can be commercialized on the market. In addition, strict limits
on the mean GWP value of the refrigerants available on the market in the next years have
been introduced. As an example, for the 20212023 period, the mean GWP value of the
refrigerating fluids sold in Europe must be equal to 1035. Additional measures to limit
the GHG market have been imposed by the Kigali Amendment (2016) to the Montreal
Protocol [15], which outlines a steady 80-85% phaseout of HFCs by the late 2040s.

For all the abovementioned reasons, recently, researchers from both industrial and
academic fields have been studying with great interest the development and the use of
alternative refrigerants, characterized by lower environmental effects and able to guarantee
proper energy performance in HVAC units, such as hydrofluoroolefins (HFOs). Aspects
such as environmental impact, safety issues, the replacement of these refrigerants within
existent systems and overall energy efficiency have been studied by the scientific commu-
nity [16]. Currently, refrigerant R-410A is the most widespread fluid within conditioning
systems for residential applications, and for this reason, several studies on alternative
refrigerants with lower GWP have been conducted over the last years. Among the others,
it is worth mentioning the experimental results reported in [17-19]. In particular, Shen
and Ally [17] studied the energy and exergy performance of four low-GWP alternative
refrigerants (R32, R452B, R454B and R466A) employed in a two-speed air-to-water heat
pump and drew conclusions on the corresponding performance to provide space heating
in cold climates: the systemic irreversibility of R452B and R454B are consistently lower
than that of the other fluids at every compressor speed and external air temperature.
Panato et al. [18] developed an experimental setup to evaluate the efficiency of a refrigeration
system adopting alternative fluids; under the tested conditions, the R454B fluid had slightly
better performance and lower environmental impact than the other nontraditional candidates,
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i.e., R452B and R32. Similar experimental results were reported by Sieres et al. [19], who ana-
lyzed the working performance of R452B, R454B and R410A. The performance of R454B was
similar (heating capacity from —8% to —2% lower, COP values from —0.9% to +0.6% higher) to
that of R410A, with the advantage of a lower optimum refrigerant charge that, combined with a
lower GWP, guarantees a significant reduction in direct CO, emissions.

In addition, several results on fluids alternative to R410A have been obtained by
numerical simulations [20-25]. In particular, Yu et al. [20] performed a theoretical screening
of refrigerant mixtures subjected to a multiparameter optimization process consisting of
GWP, flammability and thermodynamic parameters; starting from 12 pure refrigerants, the
screening identified several mixtures fulfilling all the restrictions, which were promising
to be used in applications with a GWP limit below 150. Ghanbarpour et al. [21] pro-
vided a global-warming impact analysis of environmentally friendly refrigerants used
as replacements for R-134a and R-245fa in medium- and high-temperature heat pumps
by considering the emission factors of different countries. The results revealed that in
addition to the GWD, the emission factor associated with the sources of electricity gener-
ation has a crucial impact on indirect emissions determining whether it is beneficial to
employ alternative refrigerants in the heat pump systems. Kong et al. [22] compared the
performance of a new-mixture refrigerant, named RHR-1, with commonly used refrigerants
including R-134a, R-410A, R-407C and R22, in terms of heating COP, compression ratio and
discharging temperature. The new refrigerant, characterized by no ODP and by a GWP of
279, presented a COP in the range of 2.43-4.93, which was higher than other candidates in
most design cases. Bellos et al. [23] conducted a parametric investigation of a heat pump
operating with R-152A for different operating conditions: various ambient and indoor
temperatures and different compressor rotational speeds. Data revealed that R-152A was
found to be the most efficient refrigerant compared to natural refrigerants (R-600a and
R-290), harmful refrigerants (R-134a and R-404A), as well as promising refrigerants (R32
and R-1234yf). Devecioglu [24] calculated the seasonal energy performance of heat pumps
that utilize alternative refrigerants following the standard EN 14825; R-425B and R-454B
resulted as the most suitable fluids among the tested refrigerants. Bobbo et al. [25] carried
out a thermodynamic performance analysis, based on energy and exergy balances, of a
geothermal heat pump employing either R-410A, R-32 or R-454B refrigerants. The obtained
outcomes showed that R-454B was the optimal solution to replace R-410A, leading to a
COP increase of up to 5% under different working conditions.

Nevertheless, in the literature, there are still few studies quantifying the energy and
environmental advantages of alternative refrigerants for air-source and ground-source
heat pump systems. With the aim of contributing to determine the seasonal efficiency
and TEWI obtainable with refrigerants alternative to R-410A, in this paper, the results of a
numerical study focused on an HVAC system coupled to a residential building and based
on a reversible electric heat pump are reported. Both air-source and ground-source heat
pumps are taken into account, employed for both winter heating and summer cooling.
The main outcomes of this work are the evaluation of the annual energy performance of
different heat pump systems, employing the traditional R-410A or the alternative R-454B as
refrigerating fluid, in order to show the potential energy and environmental savings linked
to the adoption of low-GWP refrigerants.

2. Materials and Methods
2.1. The Building

A residential single-family house built in Padova (north of Italy) in 2018 has been
considered in this paper as the application case study. The building is a detached triple-
story house and consists of two heated floors and a nonheated attic. In Figure 1, the
building 3D model developed in Google SketchUp is shown. The ground floor includes a
kitchen, living room, stairwell and bathroom, while on the first floor, three bedrooms, two
bathrooms and a stairwell are present. Additionally, a technical room and an unconditioned
garage are located on the ground floor. All rooms have a net height of 2.7 m except for the
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technical room and garage, which are characterized by a lower height (2.4 m). The total net
floor area of the building is about 162 m?, while the gross conditioning volume is equal to
705 m?.

(a) (b)

Figure 1. Building 3D model: southwest (a) and northeast (b) view.

The considered residential building is characterized by a high-insulated envelope.
Indeed, although it was designed in 2017 and built in 2018, the current demanding lim-
its on transmittance are respected [26]. In particular, the external walls, the slab-on-grade
and the roof transmittance values are, respectively, equal to 0.24, 0.14 and 0.24 W m~2 K},
while for buildings submitted for energy refurbishment, the standard requires 0.28, 0.29
and 024 W m~2 K1, respectively. Eleven external windows having a total surface of
33 m? are present in the building. Each window is characterized by low-emissivity double
glass (4/12/4) filled with argon. The window frame, made of pliable wood, has a U-value of
1.3 W m~2 K~ 1. Consequently, the overall window transmittance is equal to 1.67 W m~2 K~1.
The window solar factor is 0.67, and additionally, internal light-color mobile shields
are present.

The tridimensional model of the building has been implemented with Google SketchUp
and successively imported within the TRNSYS environment [27]. All features of the build-
ing have been defined in the plug-in TRNBuild (Type 56) of TRNSYS, and the numerical
model of the HVAC system, reported in Figure 2, has been developed in Simulation Stu-
dio. As pointed out in Figure 2, several types from both standard and TESS libraries are
included in the model. In particular, Type 534 is used for the thermal energy storage, Type
114 simulates the behavior of single-speed pumps, and Types 647 and 649 are employed for
diverters and mixers, respectively. Additionally, the room thermostats are implemented
through Type 2d (on—off controller) and are included within macros RT_C (see Figure 2).
Specific numerical models introduced by Dongellini and Morini in [28] are used to evaluate
the performance of the ASHPs and GCHPs considered in this paper.

In order to define all the elements that influence the energy balance of the building,
internal heat gains due to people, equipment and artificial lights have been considered.
According to the results of a survey carried out with the building owner, the hourly
occupancy profile of the four tenants has been implemented in TRNSYS. The thermal
sensible and latent heat emitted per person is equal to 75.5 W and 29 W, respectively,
corresponding to a condition of sedentary activity [29]. Regarding the artificial lighting,
LED lights are installed in the building’s rooms for a total electric power of 724 W. When
the lights are switched on, the heat gain is 10% of the total electric power. In this regard, an
on-off logic connected to the solar radiation impacting the building’s external surfaces has
been defined in the numerical model.
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Figure 2. Layout of the complete building-HVAC system model developed in TRNSYS.

2.2. The HVAC System

The HVAC system installed in the building provides space heating and cooling and
DHW production. In the present work, the energy consumption linked to the preparation
of DHW is not calculated since this part of the system has not been considered in the

numerical model.
In Figure 3, the simplified scheme of the whole HVAC system is illustrated.

Dehumidifier

Thermal
Storage L

N Pump

Y 4

a1
M MBHE field

Figure 3. Simplified scheme of the HVAC system dedicated to air-conditioning.

Heat Pump Radiant floor system

As evident from Figure 3, the system is based on a ground-coupled heat pump (GCHP),
coupled to a borehole heat exchanger (BHE) field consisting of two vertical double U-tube
boreholes having a depth of 120 m. Each U-tube is 3.7 mm thick, with an external diameter
of 40 mm. A mixture of water and 20% ethylenic glycol is used as the heat-carrier fluid
in the BHE field. The primary loop (heat pump side) and the secondary loop (user side)
are decoupled by a hydraulic separator. In order to increase the thermal inertia of the
primary loop, a small thermal storage of 80 L is placed in the heat pump return branch.
Two hydraulic pumps are installed in the primary loop. In detail, one circulator (rated
electric power input of 75 W) is inserted within the borefield side and the other one (rated
electric power input of 47 W) within the load side of the heat pump.
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The heat emission system comprises radiant floor surfaces divided into two main
loops, one per story. Each loop is composed of a manifold, a circulating pump with a rated
absorbed electric power of 13 W and a three-way mixing valve. Each main loop consists of
nine separate loops, controlled by means of on—off valves. The radiant floor heating pipes
have a pitch of 10 cm. Additionally, a mechanical ventilation unit and a dehumidifying
system are installed in the building to provide optimal hygrothermal comfort conditions to
the tenants. More in detail, a double-flow-controlled mechanical ventilation system with
heat recovery guarantees the renewal of fresh air in all rooms. Finally, in each story of the
building, a dehumidifier able to handle an air flow rate of 260 m3 h~! is installed. The
mechanical ventilation system must maintain the conditioned thermal zones to different
set-point values, depending on the season. In particular, the set-points are equal to 20 °C
and 26 °C during winter and summer, respectively. On the other hand, internal relative
humidity is maintained below 50% throughout the whole year.

As mentioned before, the HVAC system is based on a reversible geothermal heat
pump. The generator, placed in the technical room on the ground floor, is a mono-block unit
equipped with a BLDC inverter by means of which the compressor rotating speed can be
varied continuously. The adopted refrigerant fluid is R-410A, but the heat pump is an “A2L-
ready” model able to operate with new refrigerants having lower GWP values and a low
inflammability level [30]. Therefore, different fluids can be used with no modifications to the
refrigerant cycle components, control logic, lubricating oil, measuring sensors and electric
components. Thanks to this peculiarity of the heat pump, the energy and environmental
performance of both the traditional fluid R-410A and the alternative fluid R-454B have
been investigated by means of dynamic simulations. In Table 1, the main thermophysical
properties of the two refrigerants considered in this work are reported.

Table 1. Thermophysical properties of the considered refrigerants.

Refrigerant R-410A R-454B
Composition (/) R-32: 50% R-32: 68.9%
R-125: 50% HFO-1234yf: 31.1%
GWP 2088 457
oDP 0 0
Safety class Al A2L
Molar weight (kg/kmol) 72.6 62.6
Critical temperature (°C) 71.3 78.1
Critical pressure (kPa) 4901 5334
Glide (K) 0.1 1.3

As evidenced in Table 1, the fluid R-454B is a zeotropic mixture and belongs to the A2L
safety class (inflammable with a burning rate less than 10 cm s~1). Indeed, R-454B is one the
most promising candidates to replace R-410A in air-conditioning units for buildings since
these two fluids have similar thermodynamic properties. As an example, the maximum
R-454B condensing pressure is slightly lower than that of R-410A (see Table 1). Moreover,
an impactful feature of R-454B is that it can be used as drop-in refrigerant in existing units
with the same charge of fluid. Finally, it is important to stress that the R-454B GWP value is
78% lower than that of R-410A, assuring its employment compliant with limits imposed for
the near future by the F-gas Regulation.

Figure 4 shows the GCHP characteristic curves in the heating and cooling mode,
evaluated at the minimum (30 Hz) and maximum (110 Hz) inverter frequency, as functions
of the fluid temperature at the BHE outlet. The heat pump experimental performance data,
validated by the manufacturer, are reported for both the refrigerants considered in this
analysis. The curves have been obtained considering fixed values of the water temper-
ature at the heat pump inlet/outlet, i.e., 35/40 °C and 20/15 °C in heating and cooling
working modes, respectively. Considering these mentioned criteria and a geothermal fluid
temperature at the heat pump inlet/outlet of 4/7 °C and 33/28 °C in winter and summer,
respectively, the heating capacity and the COP of the installed GCHP are equal to 7.4 kW
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and 4.85, respectively, while the corresponding values in the summer season are 7.9 kW
and 5.7, respectively. In addition, the geothermal fluid temperature difference across the
external heat exchanger remains the same whatever refrigerant is adopted.

The heat pump control logic is based on a PID controller, which modulates the inverter
working frequency according to the required thermal load, coupled to an on—off controller
operating through a hysteresis cycle, characterized by a 5 K dead band. The inverter
operating frequency is calculated by comparing the monitored variable, namely the water
temperature at the heat pump outlet, with the corresponding set-point value, set to 38 °C
during the heating period and to 15 °C in the cooling one. When the minimum inverter
frequency is reached and no further modulation is possible under partial load conditions,
on—-off cycles are performed to modulate the heat pump thermal capacity.

Jay
r
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. _
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(c) (d)

Figure 4. Heating (a) and cooling (b) capacity, COP (c) and EER (d) of the GCHP at the minimum
and maximum frequency for R-410A and R-454B.

In order to generalize the findings of this numerical study, an additional heat generator
has been considered in this work. In detail, an air-to-water heat pump from the same
manufacturer, having the same size as the ground-source unit described before, has been
modeled in TRNSYS. Additionally, in this case, the air-source heat pump (ASHP) is an
“A2L-ready” unit and can operate with both R-410A and R-454B. Furthermore, it is worth
mentioning that the air-source unit is equipped with the same inverter-driven compressor
of the GCHP installed in the building and, moreover, is based on the same control logic
(i.e., a PID controller to regulate the inverter frequency and on-off controller for the
further modulation of the thermal capacity). Therefore, the energy performance of the
air-source heat pump, working with the two different refrigerants, has been assessed by
means of dynamic simulations and compared to that achieved by the ground-coupled
unit in order to investigate the potential energy and environmental savings of R-454B
with respect to R-410A for different heat pump typologies. In Figure 5, the characteristic
curves of the considered air-source heat pump, evaluated in heating and cooling mode for
minimum and maximum inverter frequencies, are reported as functions of the external air
temperature for both refrigerants. Reported data have been validated by the manufacturer
with experimental tests.
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Figure 5. Heating (a) and cooling (b) capacity, COP (c) and EER (d) of the ASHP at the minimum and
maximum frequency for R-410A and R-454B.

3. Results and Discussion
3.1. Key Performance Indicators (KPIs)

In this Section, the standard key performance indicators (KPIs) [31] adopted to assess
the energy and environmental performance of the four configurations of the HVAC system
modeled in TRNSYS are described. First, the energy performance achievable by the system can
be calculated on a monthly basis by means of the indicators reported in the following equations:

COPy,i = Qn,i/ Eel,compr,i )
COP; = Qy,i/ (Eel,compr,i + Eel,pump,i) @)
EERy;i = Qc,i/ Eel,compr,i ®)
EER; = Qci/ (Ectcompr + El pump ) @

where COP,, ; and EER,, ; are the net energy performance coefficients of the heat pump only
during the i-th month, COP; and EER,; are the overall energy performance coefficients of the
generating subsystem during the i-th month, which take into account both the heat pump
and circulating pump’s performance, Qj,; and Q,; are the thermal energy supplied by the
heat pump in heating and cooling mode during the i-th month, respectively, and E;j compr,i
and E pymp,; are the electric energy absorbed by the heat pump compressor and by the
circulating pumps coupled to the generator during the i-th month, respectively. As pointed
out before, the electric energy need of a single pump is calculated for configurations based
on the air-source heat pump, whereas when the ground-source unit is considered, the
contribution of two circulators (i.e., borefield side and load side of the heat pump) is taken
into account. Finally, it is important to mention that the electric energy consumption of the
external heat-exchanger fans for the air-source heat pump is already included in the COP
and EER values provided by the manufacturer.
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Similarly, it is possible to evaluate the net seasonal energy efficiency of the heat
pump (SCOP;, and SEER;;) and of the whole HVAC system (SCOP and SEER) by means of
Equations (5)—(8), where the summations of thermal and electric energy are performed over
the entire duration of the heating and cooling periods. More in detail, the heating season
ranges from 15 October to 15 April (182 days), while the cooling one ranges from 10 May to
10 September (123 days).

SCOPy = ) Qui/ Y, Ectcompr, ©)
i,heat iheat
SCOP =Y Qui/ ), (Eel,compr,i + Eel,pump,i) (6)
iheat i,heat
SEER; = ) Qci/ Y Eelcompr,i 7)
i,cool i,cool
SEER = Y Qui/ Y (Eescompri + Eet punp, ) ®)

i,cool i,cool

Finally, the overall energy efficiency over the entire year can be assessed through the
annual performance factor, calculated by Equations (9)-(10) for the heat pump (APF,) and
the entire HVAC system (APF):

APFn = (Qh + QC) / (Eel,compr,heat + Eel,compr,cool) (9)

APF = (Qh + QC>/ (Eel,compr,heat + Eel,pump,heat + Eel,compr,cool + Eel,pump,cool) (10)

where Qy, and Q. are the thermal energy supplied by the heat pump along the entire heating
and cooling season, respectively, and E,j compr,heats Eel pump,heatr Eel,compr,cool a0Q Eel pump,cool are
the electric energy absorbed by the heat pump compressor and by the circulating pumps
during the heating and cooling season, respectively.

In addition, the TEWI (total equivalent warming impact) index has been selected to
study the environmental performance of the studied system configurations. According to its
definition in the standard UNI EN 378-1:2021 [32], reported by Equation (11), this indicator
allows the consideration of both the direct GHG emissions linked to the refrigerant fluid and
the indirect impact connected to the electricity consumption of the air-conditioning unit:

TEWI=n-m-GWP-L+m-GWP- (1 — ) +1n-Ey - (11)

where 7 is the heat pump operating life, set to 15 years; m is the refrigerant charge inside the
heat pump, equal to 1.2 kg for all the configurations studied in this paper; L is the annual
refrigerant leak factor, set equal to 7% [33]; ay.c is the refrigerant end-of-life recycle/recovery
factor, set to 70% [33]; E, is the overall electric energy consumption of the system and f is
the emission factor of the grid electricity. Based on the current available data for the Italian
scenario [34], from 2021, the emission factor of the electric energy taken from the grid is
equal to 245.7 gcop /kWh.
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3.2. Monthly Energy Performance

Figure 6 compares the monthly energy performance of the HVAC system based on
the aerothermal heat pump and on the geothermal heat pump, by considering R-410A
as the refrigerant fluid. Analyzing the obtained results, it is evident that, comparing the
KPIs of the heat pump (COP;, and EER;), the adoption of a GCHP guarantees a significant
improvement in generator energy performance with respect to the aerothermal unit, for
both heating and cooling modes. This is reasonable since the ground temperature is
always more favorable for the heat pump than the air temperature; it is higher during
the heating period and lower during the cooling season, thus enhancing the heat pump’s
efficiency [35]. Additionally, for both devices, the worst performance is reached in the
middle of the conditioning seasons, when the building load is the highest, and the external
source temperature is less favorable for the heat pump.
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Figure 6. Monthly energy performance of the geothermal and aerothermal heat pumps with R-410A
and of the whole HVAC system in the heating (a) and cooling (b) seasons.

In particular, compared to the first month of the conditioning seasons, the GCHP
obtains the worst seasonal efficiency in February (—5.9%) and August (—3.1%), due to the
high ground-exploitation rate, while the ASHP obtains the worst seasonal performance
in January (—16.3%) and August (—9.5%), when the external air temperature reaches its
minimum and maximum values, respectively. Another important aspect highlighted by
Figure 6 is that the GCHP efficiency presents a smoother trend across the year (slight
monthly performance variations) compared to the ASHP. Indeed, the exploitation of the
ground source, characterized by a temperature almost constant over the year, neglects the
influence of variable climatic conditions on the heat pump’s performance.

Comparing the energy performance of the entire system (KPIs COP and EER), it can
be observed that the advantage linked to the adoption of a GCHP is strongly reduced, in
particular, during the cooling season (Figure 6b). Indeed, the average summer performance
of the GCHP is 39% higher than that of the ASHP, but this percentage reduces to only 15%
when the whole HVAC system is considered (heat pump and circulators). From another
point of view, the cooling performance of the entire system drops, with respect to that of
the heat pump, by 23% with the GCHP and by 7% with the ASHP. In this case, the larger
penalization of the overall energy performance of the GCHP system is caused by the energy
consumption of the circulating pump installed within the BHE field, which is not present
in the aerothermal configuration. This electric consumption has a higher influence on the
seasonal performance factor during summer due to a lower cooling energy request from
the building compared to that of the heating period. In other words, the energy need of
auxiliaries assumes a more significant influence during the cooling season.

In Figure 7, the energy performance of the HVAC system based on the aerothermal
heat pump is compared to that achieved by the geothermal unit, considering R-454B as the
refrigerant fluid.



Appl. Sci. 2023,13, 7238 11 of 17

6.0 9.0

Z

7

EER

cor
IS
ul

-
o
Anklhninns
At
nRinnnike
NN
AlMHiHihihiiraay)
ATy
AN
ARikhIhnnny
AT

N\
Rlmnna

N

AN
M.
A

7 , W

3.0 L % % 2
October November December January —Febraury — March April May June Tuly August September
B COPn (ASHP) ® COPn (GCHP) @ COP (ASHP) 7 COP (GCHP) BEERn (ASHP) BEERn(GCHP) W@EER (ASHP) [@EER (GCHP)
(a) (b)

Figure 7. Monthly energy performance of the geothermal and aerothermal heat pumps with R-454B
and of the whole HVAC system in the heating (a) and cooling (b) seasons.

According to Figure 7, the performance obtained switching from R410A to R454B is
similar to that analyzed previously. Indeed, the GCHP efficiency presents a flatter trend
across the months compared to the ASHP, and a huge difference exists between the net
energy performance of the heat pump (COP,, EER;) and that of the whole HVAC system
(COP, EER). Due to the significant monthly variation of ASHP efficiency, the difference
in terms of energy performance between ASHP and GCHP changes over the months; it
reaches a peak in the middle of the conditioning seasons, when the external air temperature
is unfavorable for the air-source unit and the building loads are more relevant, whereas,
vice versa, it decreases in the midseasons. As an example, the GCHP COP,, in January
is 27% higher than that achieved by the ASHP in the same period, while in April this
percentage falls to 6%. Another interesting point revealed by Figure 7 is that in April and
May the whole air-source-based system works slightly better than the ground-source one,
with a COP and an EER value 2.1% and 0.7% higher, respectively.

3.3. Seasonal Energy Performance and TEWI

In Table 2, a summary of the yearly energy and environmental performance of the
studied system configurations is reported as a function of the heat pump typology and
refrigerant fluid. If we consider the results of the heat pumps operating with R-4104, it is
confirmed that, on a seasonal basis, the heat pump energy performance can be improved
by up to 20% in heating mode and even more than 40% in cooling mode when a GCHP is
considered, due to the more favorable heat source/sink. However, also taking into account
the energy consumption of auxiliaries, the advantage of ground-coupled units drops to 10%
and 15%, respectively. Indeed, the overall energy consumption of the circulating pumps
increases by about 150%, lowering the global performance of the system. Finally, if the
annual performance factor (APF) is considered, it is confirmed that the GCHP has a higher
efficiency, with an increase of 25% in this KPI compared to that of the ASHP. In addition,
on an annual basis, the advantage of a GCHP-based system is reduced only to 11% when
the energy demand of pumps and auxiliaries is considered. It is important to mention
that the effective energy penalization mainly depends on the complexity of the hydronic
piping, dominant building thermal load among the heating and cooling seasons, operating
fluid (pure or glycol water), circulating pump size and its control strategy (fixed-speed,
constant or proportional pressure control). For instance, Emmi et al. [36] showed that with
a predominant heating load, energy penalization can reach about 12% and 3% in winter
and summer, respectively.

On the other hand, analyzing the influence of the adopted refrigerant on the seasonal
and annual efficiency, it can be observed that, with the fluid R-454B, a slight decrease in
heat pump performance is present and, consequently, in the performance of the entire
system. More in detail, the data reported in Table 2 highlight that the performance of the
heat pumps operating with R-454B is similar to that achieved with R-410A during the
winter period: a slight reduction in SCOP,, is observed, equal to 2%, with both external
sources, whereas, considering the auxiliary components, the seasonal efficiency (SCOP)
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drops by 3% in ground-mode. A slightly greater penalization is noticed during the cooling
season. The GCHP and the ASHP SEER;, values drop by about 3% and 6%, respectively;
this penalization becomes 3% in both modalities when the auxiliaries (SEER) are taken
into account. These results are due to a slight drop in heat pump thermal and cooling
capacity when the unit operates with the low GWP refrigerant R-454B (see Figures 4 and 5).
Indeed, the heat pump operating time rises, and, consequently, the electricity absorbed by
the circulating pumps and other auxiliaries increases slightly. More in detail, in winter, the
compressor energy consumption increases by about 1%, whereas in summer, this figure
rises by 3.5% and 6% for the GCHP and ASHP, respectively. Considering the overall electric
consumption, the heat pump system based on R-454B consumes in the heating season 2%
and 0.5% more in ground- and air-mode, respectively, while in the cooling season, these
values increase to 3% and 6%.To summarize, it is noticed that, on an annual basis, switching
from R-410A to R-454B implicates a rise in overall electricity consumption of about 1-2%,
with a consequent APF reduction of 2-3%.

Table 2. Energy and environmental performance of the considered HVAC system configurations.

Refrigerant R-410A R-454B
Heat pump typology GCHP ASHP GCHP ASHP

Qn (kWh) 5280 5203 5241 5145
Q. (kWh) 2435 2443 2438 2435
Eetcomp,heat (KWh) 980 1162 992 1166
Eel,comp,cool (KWh) 285 398 295 421

Eel pump,heat (KWh) 148 66 159 68

Eel pump,cool (KWh) 87 31 88 32
SCOP, 5.39 448 5.28 441
SCOP 4.68 4.24 4.55 417
SEER, 8.53 6.14 8.26 5.79
SEER 6.54 5.70 6.36 5.53
APF, 6.10 4.90 5.97 4.78
APF 5.14 4.62 5.00 453

Direct GHG emissions (kgcop) 3383 3383 740 740
Indirect GHG emissions (kgcop) 5738 6338 5869 6453
TEWI (kgcoz) 9120 9721 6609 7193

Nevertheless, the analysis of the system environmental performance by means of
the TEWI index highlights how the use of a low-GWP refrigerant leads to a significant
reduction in GHG emissions across the whole life cycle of the HVAC plant. Although
the use of R-454B corresponds to a small increase in indirect emissions, due to the higher
electric energy consumption linked to the penalization of heat pump efficiency, the direct
emissions of the system decrease dramatically by almost 80%.

As evidenced by Table 2, the adoption of a low-GWP refrigerant allows for the re-
duction, for both ASHP and GCHP configurations, in CO, emissions of about 2500 kg
(—26%) over the whole system’s life cycle. Another important result is that, in both cases,
switching to the fluid with the lower environmental impact, the contribution of indirect
emissions grows in relative terms. In fact, indirect GHG emissions represent about 63% of
the overall CO; emissions in the configurations based on R-410A, while this percentage
increases up to 90% adopting R-454B. It is important to mention that the contribution of
indirect emissions in the TEWI can be limited in different ways. As an example, the heat
pump can be directly powered by PV panels installed on the building; in this way, the
electricity absorbed from the grid and thus the indirect emissions would be significantly
reduced. Obviously, more efficient heat pump technologies can contribute to reduce electric
energy needs and, consequently, indirect GHG emissions. Moreover, taking into account
the current energy transition aimed at the complete decarbonization of the electric power
system, it is reasonable to expect a continuous drop in the emission factor of the electricity
drawn from the grid.
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In order to evaluate the expected environmental impact of the studied heat pump
systems during the next decades, the TEWI trend associated with the analyzed configura-
tions has been calculated up to 2050, taking into account the upcoming energy transition
scenario. The Italian emission coefficient § of the last 30 years has been imported from the
Higher Institute for Environmental Protection and Research (ISPRA) database [34]. The
analysis of the reported data outlines that the value of  was more than halved from 1990 to
2020, decreasing from 577.9 gcop kWh ™! to 255 gcop kWh ™1, thanks to a deep penetration
of renewable energy sources into the national energy mix. In addition, a decreasing trend in
the emission factor has been estimated during the next years on the basis of the ambitious
European goals set by the European Green Deal [2], aimed at the complete decarbonization
of the energy sector by 2050. In particular, the emission factor in 2050 has been considered
null, and its reduction with respect to the value of 2020 has been set equal to 15%, 33%,
50%, 66% and 85% for the years 2025, 2030, 2035, 2040 and 2045, respectively. In order to
clarify, the B values during the analyzed years are reported in Table 3.

Table 3. Values of the emission coefficient 8 expected for the next years.

Year 2025 2030 2035 2040 2045 2050
B [gco» kWh™1] 216.8 170.9 127.5 86.7 383 0

Figure 8 shows the trend of TEWI for the HVAC system based on the GCHP operating
with R-410A (Figure 8a) and R-454B (Figure 8b), with the share of direct and indirect
emissions out of the total. From the graphs of Figure 8, it is evident that the value of
TEWTI has been monotonically decreasing for years, for both refrigerants, since a drop in
the electricity emission factor causes a significant reduction in the indirect emissions of
the system. In particular, compared to the situation in 2020, by the year 2050, the overall
CO, emissions drop by 63% and 89% in the R-410A and R-454B systems, respectively. A
significant outcome for both refrigerants is that, in the analyzed scenario, the share of
direct emissions becomes more and more important with respect to indirect emissions, in
agreement with the electricity emission-factor trend.

100 A 100

=
[ee]

"
1
R
(=]

o-Lo-I3

i~
3]

[}

[=]
[=x}
(=

0

Percent emissions
=N
S

TEWI (MgCO2)
(=3}
=S
(=}
Percent emissions

=]
(=]

k- okr

0 < 0

1990 2000 2008 2015 v 2020 2030 2040 2050 1990 2000 2008 2015 2020 2030 2040 2050
ear Y
1 TEWI -A- Direct emissions -¢- Indirect emissions R-410A —1 TEWI -a- Direct er'rlissicrr\esa T e Indirect emissions R-454B

(a) (b)

[\
(=]

w
(2]

Figure 8. Trend of TEWI and contributions of direct/indirect emissions expected for the next years
for the GCHP-based system operating with R-410A (a) and R-454B (b).

More in detail, from Figure 8a, it is evident that for traditional refrigerants, such as
R-410A, the weight of direct emissions increased from 21% in 1990 to 37% in 2020, high-
lighting how the adoption of more environmental-friendly fluids, characterized by lower
GWP values imposed by the current regulation, is essential to improve the sustainability of
air-conditioning systems. Indeed, the comparison of Figure 8a,b points out that it is possible
to strongly reduce the overall environmental impact with R-454B since the contribution
of indirect emissions will become negligible with respect to that of direct emissions in the
next years. As an example, direct emissions are expected to represent the totality of the
system’s GHG emissions in 2050.



Appl. Sci. 2023,13, 7238 14 of 17

In order to complete the overview of the environmental performance of the studied
configurations, the TEWI trend related to the ASHP-based system is illustrated in Figure 9.
Comparing Figures 8 and 9, it is clear that the contribution of direct/indirect emissions
out of the total remains almost the same even in the case of aerothermal units. Indeed,
compared to the GCHP, the rise in the annual electric consumption of the ASHP systems
weakly increases the weight of indirect emissions by about 2.5% for both refrigerants.

Another interesting aspect is that when R-454B is used, the indirect emissions share
remains stable for a prolongated time (up to 2040) before plunging, whereas when R-410A
is adopted, the indirect emissions share constantly decreases. This trend for R-410A mostly
depends on the large weight of the direct emissions and thus on the high R-410A GWP
value. Finally, the results confirm that in the next years the share of direct emissions will
be predominant, and thus the switch to eco-friendly low-GWP fluids will be necessary to
accomplish the European targets.
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Figure 9. Trend of TEWI and contributions of direct/indirect emissions expected for the next years
for the ASHP-based system operating with R-410A (a) and R-454B (b).

4. Conclusions

In this paper, the environmental and energy performance of different configurations
of a heat-pump-based air-conditioning system, coupled to a single-family building, has
been evaluated numerically as a function of the heat pump typology and of the refrigerant
fluid. The numerical model of the building and the analyzed system configurations have
been implemented within the dynamic simulation software TRNSYS. In particular, a
ground-coupled and an air-source heat pump, having the same size and built by the same
manufacturer, have been considered. Both units can operate with two different refrigerants:
R-410A and its low-GWP alternative R-454B.

The analysis of the seasonal and annual energy performance of the studied configura-
tions of the HVAC system points out that the annual energy efficiency can be increased by
25% using a geothermal heat pump in place of a similar air-source model. Nevertheless, this
advantage is more than halved, decreasing to 11%, if the electric energy consumption of the
circulating pumps is also taken into account to calculate the seasonal performance factor of
the whole air-conditioning system. Indeed, the contribution of auxiliaries to the overall
electric consumption of heat pump systems cannot be negligible, especially under partial
building loads. It is important to emphasize that the actual energy penalization depends
on the complexity of the hydronic loop and the circulating pump’s dimension and working
modality (fixed-speed, constant or proportional pressure control). Additionally, numerical
results show that the annual overall energy performance of the system is slightly reduced
by 2-3% when the fluid R-454B is adopted in place of R-410A. Due to the thermophysical
properties of the low-GWP refrigerant, the net penalization rises up to 6% during the
cooling period.

On the other hand, it has been demonstrated, by means of the TEWI index, that the use
of R-454B allows to significantly reduce the global environmental impact of the system in
terms of CO, emissions across its whole life cycle. Although the indirect emissions linked
to configurations based on R-454B minimally increase, due to the slight penalization of the
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heat pump’s efficiency, the direct emissions are strongly reduced. Furthermore, although
the overall electric consumption rises in ASHP systems, the share of indirect emissions
remains almost the same with respect to GCHP systems, slightly increasing by 2.5%. The
overall CO, emissions are generally reduced by about 26% with the low-GWP refrigerant,
and this percentage will become further relevant in the next years when the emission factor
of electric energy taken from the grid will significantly drop thanks to a wider penetration
of renewable sources in the energy sector. In the next decades, when power production
will be decarbonized, the environmental impact of air-conditioning systems will be linked
to the direct emissions of refrigerants, and thus the use of low- or very-low-GWP fluids
must be pursued and mandatorily promoted by future regulations.
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Nomenclature

L annual refrigerant leak factor (%)
m refrigerant charge (kg)

n heat pump operating life (year)
Eq electric energy (kWh)

Q thermal energy (kWh)
Abbreviations

APF annual performance factor
ASHP air-source heat pump

BHE borehole heat exchanger

cor coefficient of performance

DHW domestic hot water

EER energy efficiency ratio

GCHP ground-coupled heat pump
GHG greenhouse gas emission

GWP global warming potential

HVAC heating, ventilation and air-conditioning
KPI key performance indicator

ODP ozone depletion potential

SCOP seasonal coefficient of performance
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SEER seasonal energy efficiency ratio

TEWI total equivalent warming impact (kgcop)
Greek symbols

Xrec refrigerant end-of-life recovery factor (%)
B emission factor of grid electricity (gco2/kWh)
Subscripts

c cooling

compr compressor

cool cooling season

h heating

heat heating season

i i-th month

n net

pump circulating pump
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