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A B S T R A C T

Air-to-water heat pump (AWHP) is a key technology for decarbonising building heating, yet their deployment in 
Alpine regions remains limited due to performance degradation at low source temperatures. These regions are 
climate-change hot-spots characterised by rapid warming and complex topography, raising the question of 
whether future climate change will alleviate or intensify the operational constraints affecting AWHPs. This study 
quantifies the combined impact of start-up and defrosting losses on AWHP performance under present and future 
climate conditions. An integrated TRNSYS-based model was developed, incorporating experimentally derived 
degradation correlations for start-up and defrosting cycles. A single-family house equipped with an inverter- 
driven AWHP was simulated for five Alpine municipalities in Northern Italy, across elevations from 83 to 
652 m above sea level. In the base year, start-up operation accumulates up to 40 to 70 h per month during 
transitional and winter periods, while defrosting reaches up to 30 to 40 cycles per month at higher elevations. 
These transient effects reduce the seasonal coefficient of performance (SCOP) by 4 to 6% due to start-up alone 
and up to 11% when combined with defrosting, leading to primary energy increases of 7 to 12%. By 2050, 
climate warming reduces defrosting frequency by up to 33 to 100% in transitional months, while start-up hours 
remain significant due to increased part-load operation. As a result, SCOP increases by about 2% in 2030 and 6% 
in 2050, with primary energy consumption decreasing by up to 10%. Explicit modelling of operational dynamics 
is essential for realistic AWHP assessment.

Abbreviations and Symbols

Abbreviations Meanings
ASHP Air-source heat pump
AWHP Air-water-heat pump
BESS Battery energy storage system
COP Coefficient of performance
DHW Domestic hot water
EER Energy efficiency ratio
HVAC Heating, ventilation, and air-conditioning
PE Primary energy
PTES Pumped thermal electricity storage
PV Photovoltaic
RH Percentage relative humidity (%)
SCOP Seasonal coefficient of performance (− )
SEER Seasonal energy efficiency ratio (− )
Ssf Steady-state frequency (Hz)
TES Thermal energy storage
Symbols ​
Tair Ambient air temperature (◦C)

(continued on next column)

(continued )

DT Temperature difference between the supply temperature and the 
setpoint (◦C)

e Water vapor pressure (Pa)
es Saturated water vapor pressure (Pa)
Td,corr Corrected dew point temperature (◦C)
Tx and T Maximum temperature and mean temperature (◦C)
α Temperature calibration coefficient (− )
COPactual,d Actual COP of HP during defrosting cycle (− )
COPactual,s Actual COP of HP during start-up time (− )
Pactual Actual power consumption of ASHP (kW)
Q̇heating/cooling Heat transfer rate for heating or cooling (kW)
Egrid Energy imported from the grid (kWh)
Epv Energy produced from PV and consumed (kWh)
fgrid Primary energy conversion factor for electricity from grid (i.e., 2.43 

for Italy)
fpv Primary energy conversion factor for electricity from PV (i.e., 1 for 

Italy)
tstart− up Start-up time (minutes)
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1. Introduction

The increasing global emphasis on sustainable and energy-efficient 
heating and cooling in buildings has led to a growing interest in the 
air-water heat pumps (AWHPs) for residential and commercial appli
cations [1]. AWHP is a type of air-source heat pump (ASHP), where air is 
utilized on the source-side while delivering heat to water on the 
sink-side at a predefined temperature range [2]. Although all ASHPs 
utilise air as the heat source, air-to-air heat pumps transfer heat directly 
to indoor air, whereas AWHP uses water as the heat transfer medium, 
enabling integration with hydronic systems such as underfloor heating, 
radiators, and thermal storage tanks [3]. In Europe, the application of 
this system is essential in achieving the global Net-Zero target proposed 
by the European Commission, aiming at decarbonisation and a conse
quent reduction in building energy bills by 2030, in line with the Eu
ropean Green Deal of zero net emissions of greenhouse gases by 2050 [4] 
[5]. Indeed, AWHPs are characterized by high efficiencies with seasonal 
coefficient of performance (SCOP) values ranging from 3.5 to over 6, 
depending on system design and operating conditions [6]. Moreover, 
these systems enable the integration of renewable energy sources, such 
as solar, to meet the thermal energy demands for efficient domestic hot 
water (DHW) heating and building space conditioning applications [7]. 
For example, the application of solar-assisted AWHP could balance 
photovoltaic (PV) power generation and consumption by consuming the 
power produced directly during periods of high demand and charging 
the storage systems when little or no heating demand is required for 
later use. Despite these advantages, AWHP performance often degrades 
due to varying environmental conditions and operational dynamics [8], 
particularly in regions, like the Alps, characterised by low temperatures 
in winter, rapid warming, and complex topography [9]. Among the key 
factors influencing this performance are the startup cycles [10] and 
defrosting cycles [11]. During start-up, the system often operates less 
efficiently as it needs to overcome the initial thermal inertia, introducing 
thermal and mechanical stress that may also shorten the component 
lifespan [12]. A study by Zhang et al. [10] found that startup losses are 
due to mechanical and thermal delays, which reduce the overall system 
performance. It showed that the AWHP is capable of maintaining 
continuous refrigerant cycles at low compressor frequencies, thereby 
improving average thermal efficiency by 26.42%. These system behav
iour is more common in the Alps, where rapid changes in weather are 
often encountered [13]. Similarly, in humid and cold environments, 
often seen in typical Alpine regions, frost accumulates on the outdoor 
heat exchanger of the heat pump, necessitating a defrosting cycle to 
maintain efficient performance [11,14]. These dynamic behaviours are 
also emphasised by the recurring type of detached timber buildings, due 
to their low thermal inertia, and high performance building due to their 
low heating demand [15]. The operations, though temporary, can recur 
frequently in locations with mild and extreme climate conditions, 
affecting the system performance, which significantly impacts the en
ergy efficiency, compressor reliability, and user comfort [16]. However, 
these aspects have often been neglected in the dynamic simulation of 
heat pumps for water and space heating, leading to possible 
over-estimation of their performance. Only a limited number of studies 
in the literature have attempted to investigate those aspects, in partic
ular, with the aim of ascertaining the impact of dynamic behaviours and 
frost formation on heat pump performance, as well as to recommend 
potential mitigation strategies, using a variety of methodological ap
proaches. This highlights a gap in current modelling approaches and the 
need for more comprehensive analyses that account for real operating 
conditions.

1.1. Previous study on start-up dynamics

Regarding the impact of dynamic behaviours, Zhao et al. [17] 
investigated and observed that an ASHP with variable speed compres
sors could mitigate some of the startup inefficiencies by allowing a 

smoother transition from off to operational states. This smoother startup 
process reduces mechanical stress and allows for better energy man
agement, improving efficiency during normal operation. Their results 
demonstrated that a R290-based system could reduce the energy con
sumption associated with startup compared to traditional systems with 
fixed-speed compressors. Oehler et al. [18] proposed a strategy for 
modulating heat pump start-up, including quick traverses of the com
pressor's natural frequencies. The frequency modulation enhanced the 
performance of the heat pump, confirming its importance. Similarly, Lu 
et al. [19] investigated the performance of a large-scale pumped thermal 
electricity storage during start-up cycles, discovering that the rate of 
rotational speed affects the start-up time, which degrades the system 
performance. Furthermore, Kumar et al. [20] developed an integrated 
thermodynamic model for a reversible AWHP, analysing both 
variable-speed and constant-speed compressors. The study investigates 
the transient operation during startup phases and explores control 
strategies to enhance system efficiency and stability. Their findings 
indicate that optimizing startup control can significantly improve the 
coefficient of performance (COP), with potential increases ranging from 
17% to 50%.

1.2. Previous study on defrosting cycles

Defrosting methods, including reverse-cycle defrosting, often cause 
temporary drops in the COP of the heat pump, negatively affecting the 
heating supply [21]. Few studies have explored the formation processes 
of frost in ASHP and proposed innovative ways to minimize defrost 
cycles to improve performance. Ma et al. [22] developed a numerical 
model for investigating this aspect that was validated using experi
mental data. The authors reported an agreement between the developed 
model and the experimental data with a normalized error residue of 
0.025. Using TRNSYS and with site-measured data, Rossie Di Schio et al. 
[23] modelled a system that examined the impact of defrosting cycles on 
the performance of ASHP during the heating period, reporting that 
neglecting the defrosting cycle losses results in an inaccurate prediction 
of its performance, and is capable of reducing the SCOP by 10%. Since 
frost build-up on the external heat exchanger of AWHP impacts nega
tively on their performance, Eze et al. [24] developed a shallow un
derground thermal storage (UTS), where cold or warm heat can be 
stored and extracted for preheating and precooling of the inlet air to the 
heat pump [7]. This study showed that by preheating the inlet air and 
raising the temperature from − 15 ◦C to temperatures above 10 ◦C using 
the UTS, the SCOP during heating was improved by 9% compared to a 
conventional case without preheating. Similarly, Li et al. [25] investi
gated a thermal energy storage (TES)-based defrosting method for 
ASHP. Analysis of the system energetic and economic feasibility high
lighted that the TES-based approach can enhance heating efficiency 
from 3.0% to 19.5% compared to the conventional case, although its 
integration increases the overall capital costs. The impact of defrosting 
cycles on ASHP, especially in cities with mild and extreme weather 
conditions, extends to overall electricity demand. For example, Milev 
et al. [26] developed a Simulink model to investigate the impact of 
defrosting cycles based on the weather conditions of 10 cities around the 
world. The study produced a validated model that can estimate power 
demand across various climatic conditions by predicting the frequency 
of defrosting cycles with ambient temperature conditions.

1.3. Research gaps and objectives of the study

It is evident from past studies that the start-up delays and defrosting 
cycles can degrade the performance of AWHPs by 3 - 15%, depending on 
climatic conditions. Despite their significant influence, these factors 
remain insufficiently quantified in dynamic simulations that are typi
cally used to evaluate seasonal performance. Even with the existing few 
studies, the investigations relied on white-box models, where system 
behaviour is represented using physical models but without explicitly 
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integrating real-world performance dynamics [24]. This oversight con
tributes to a persistent gap between simulated results and the actual 
operational performance of AWHPs. Modelling start-up time poses 
particular challenges because it depends strongly on the inverter's 
steady-state frequency (ssf). Accurate correlations linking start-up time, 
ssf, temperature difference, and the resulting COP degradation must 
therefore be established experimentally. Similarly, defrosting-related 
efficiency losses can only be quantified through experimental mea
surements, as they are highly sensitive to dry-bulb temperature and 
relative humidity. Without integrating such experimentally derived 
correlations, simulation tools like TRNSYS cannot fully capture the 
practical performance of AWHPs, including the control strategy, under 
any given climatic conditions and heat pump operating frequencies. 
Failing to properly model these aspects can undermine the reliability of 
scenario analyses such as designing solutions that are resilient to climate 
change. In Europe, it is almost certain that the performance of AWHPs 
and their deployment in their vast Alpine regions with severe dynamic 
weather conditions will be significantly affected [27–29]. Northern part 
of Italy, particularly the Trentino region is characterized by this 
complicated weather conditions, with municipalities located at signifi
cant varying elevations, adding complexities in the projection of climate 
change and its impacts to energy systems such as AWHP. Some studies, 
as seen in Refs. [30–33], have investigated the impacts of climate change 
on the water-energy-food-ecosystem nexus in this region, with the aim 
of understanding the dynamics and proposing future solutions. A study 
by Congedo et al. [34] has already shown on a global scale that the rise 
in temperature will have significant impact on the performance of ASHP, 
but this study was not extended to Alpine regions characterized by 
mountains and lowlands. Of course, defrosting and its impact on energy 
efficiency is one factor that limits the diffusion of AWHP in Alpine re
gions, even though they have been identified as a key measure for 
decarbonizing the building heating sector in the Provincial Energy and 
Environmental Plan (PEAP). The question remains: to what extent will 
climate change affect these aspects while considering system transient 
behaviour? So far, this question is yet to be answered. In fact, and to the 
best of our knowledge, there has not been any study of this kind 
particularly for assessment of the long-term systems performance in the 
Alpine regions.

To address this gap, the present study developed an integrated 
modelling framework that explicitly incorporates previously derived 
and validated start-up and defrosting performance degradations corre
lations into TRNSYS simulations. The approach is applied to a case study 
in the Autonomous Province of Trento (Northern Italy), where complex 
alpine climate conditions present unique challenges for estimating 
building heating and cooling demands. Beyond current state-of-the-art 
studies, this work also incorporates long-term climate projections up 
to 2050 for five municipalities at different elevations, using measured 
data from local meteorological stations. These forecasts were employed 

to assess how future climate scenarios will influence AWHP performance 
in these regions, thereby providing a comprehensive evaluation of both 
present-day and future operational conditions.

2. Methodology

The study is focused on evaluating the integrated influence of startup 
time and defrosting cycles on the AWHP model and assessing its future 
performance under climate change scenarios in the Alpine regions. To 
this end, an integrated impact assessment model was developed using 
TRNSYS (v.18), coupling the AWHP with a photovoltaic (PV) system, 
the electricity grid, a battery energy storage system (BESS), conven
tional thermal storage tanks, and a single-family house building model 
(see Figs. 1 and 2). The interactions among the components are gov
erned by optimized control logics that determine when and under what 
conditions each system component operates. The model incorporates 
heat pump performance degradation curves accounting for defrosting 
and start-up cycles obtained from previous experimental work [35]. 
With the completion of the system architecture, five Municipalities in 
the Trentino region were selected. These municipalities are classified as 
mixed humid climate, referred to as the ASHRAE climate zone 4A. The 
historic weather data were obtained from local meteorological stations 
together with climate projections to 2030 and 2050 [36]. The impacts of 
these factors (defrosting and startup delays) on the performance of the 
AWHP under these projected climate conditions were evaluated, using 
2016 data as the base year, while applying different temperature 
boundary conditions. The performance assessments under these sce
narios were based on performance indicators such as the COP, SCOP, 
Energy Efficiency Ratio (EER), seasonal EER (SEER), and the annual 
primary energy (PE) consumption, defined explicitly in section 2.3.

2.1. Climate condition prediction

To predict the heat pump performance under changing climate 
conditions, ambient air temperature (Tair) and relative humidity (RH) 
were predicted for 2030 and 2050 using climate data obtained from five 
municipalities (Arco, Trento, Storo, Cavedine and Cles) of the Trentino 
Province, as shown in Fig. 3, with different elevations of 83, 185, 384, 
549, and 652 in meters, respectively. These municipalities were selected 
since they represent the complex climate hotspots where the dynamic 
operation of AWHP is heavily affected due to startup and defrosting 
dynamics.

Meteorological data included hourly values of Tair, RH, and solar 
irradiance. From these measured temperatures, the future weather data 
were generated based on the Test Reference Years derived from histor
ical data, applying a hybrid projection model that combines dynamic 
downscaling and the morphing technique described fully in Laiti et al. 
[37]. By using the projected daily hourly temperature (Tair), it was 

Fig. 1. System configuration.
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possible to estimate the projected RH according to Eq. (1), approxi
mating the minimum temperature as a first guess and its correction 
factors, as described in the approach developed and validated by Eccel 
et al. [38]. 

RH= 100
e
es

(1) 

where es (saturated water pressure) and e (water vapor pressure) are 
calculated via empirical correlations as shown in Eq. (2) and Eq. (3): 

es =6.1078 exp
7.5

(
Tair,min

Tair+273.3

)

(2) 

e=6.1078 exp
7.5

(
Td,corr

Td,corr+273.3

)

(3) 

where Tair,min is the air temperature corresponding to the daily minimum 
value, evaluated assuming that the water vapor in the atmosphere is 
saturated at the temperature corresponding to the dew point, and Td,corr 

is the corrected dew point calculated via Eq. (4), where α is the cali
bration coefficient equal to 0.1, Tx and T are the daily maximum and 
mean temperature, respectively. 

Td,corr =Tair,min − α
(
0.45(Tx − T)+T − Tair,min

)
(4) 

Fig. 2. Layout of the developed TRNSYS model.

Fig. 3. Geographical location of the study site (Arco = 83 m, Trento = 185 m, Storo = 384 m, Cavedine = 549 m and Cles = 652 m).
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2.2. Model component description

2.2.1. Building model
The building under investigation is a single-family residential 

dwelling with a total heated floor area of 140 m2 divided into four 
thermal zones, two for each floor. The selected building type and its 
thermal properties is the most adopted residential building in the study 
region. The share of single-family and terraced houses among residential 
buildings ranges from 87% in Trento to 99% in Storo, according to 
census data used in the Provincial Energy and Environmental Plan [39]. 
The geometry and thermal properties of the building envelope were 
defined in the TRNBuild environment, and it was subsequently inte
grated into the TRNSYS Simulation Studio via Type56. The thermal 
transmittance (U-values) of the envelope components were set equal to 
0.65 W m− 2 K− 1 for the external walls, 0.52 W m− 2 K− 1 for the ground 
floor, 0.63 W m− 2 K− 1 for the roof and 0.86 W m− 2 K− 1 for the glazed 
components of the envelope to simulate a typical existing domestic 
building.

2.2.2. Heat pump model
The building is equipped with a R32 inverter-driven AWHP with 

specifications of 8.73 kW and 9 kW rated cooling and heating capacities, 
respectively, which corresponds to a 2.11 kW and a 1.89 kW cooling and 
heating power absorption, necessary for both space heating, cooling, 
and DHW production. The AWHP was developed and validated by 
Roccatello et al. [40] to simulate its dynamic behaviour, which is 
dependent on the air temperature, air flow rates, water temperature, and 
flow rates. The heat pump model incorporates the modulation of the 
compressor speed through the steady-state frequency (ssf), which typi
cally explains the operating frequency once stable conditions are 
reached. In this study, minimum, maximum, and nominal inverter fre
quencies of 15 Hz, 52 Hz, and 50 Hz were chosen with a maximum rate 
of frequency variation over each simulation time-step given as 20 
Hz/min based on the applied control strategy implemented by the 
manufacturer. The heat pump was modelled through a customized 
subroutine type, and its operational behaviour was characterized using 
heating and cooling performance maps within predefined constraints. 
The outdoor temperature reset curve for heating is constrained within a 
matrix of minimum and maximum water temperature of 25 ◦C and 
65 ◦C, respectively, corresponding to minimum and maximum air tem
perature of 20 ◦C and − 20 ◦C. Similarly, the outdoor temperature reset 
curve for cooling was constrained within a matrix of minimum and 
maximum water temperatures of 7 ◦C and 25 ◦C, respectively, which 
corresponds to a minimum and maximum air temperatures of 46 ◦C and 
10 ◦C. In addition, a 1.0 kW backup resistance heater was integrated to 
help in meeting the supply setpoint temperature of the heat pump. The 
system performance, including the COP and the EER under nominal and 
part-load conditions, was constrained to operate within these natural 
variables. In addition, the climate data used (historical and projected 
scenarios) were evaluated within these operating ranges, and therefore 
no significant extrapolation beyond the validated model limits was 
required. The customized AWHP subroutine computes the electrical 
power Ṗ knowing the nominal thermal capacity, Q̇, and the corre
sponding nominal COP using Eq. (5). 

Ṗ=
Q̇

COPnominal
(5) 

The delivered heat for heating or cooling (Q̇heating/cooling) is limited to 
the nominal capacity, Q̇ based on the performance map and the oper
ating constraints. However, if Q̇heating/cooling is less than the load require
ment, the unmet load is supplied through the buffer tank, whose 
temperature is maintained at setpoint through the backup resistance 
heater.

2.2.2.1. Start-up and defrosting modelling. To investigate the influence 

of startup and defrosting cycles, the study adopted correlations derived 
from experimental data and validated by Roccatello et al. [35]. The 
functions were experimentally obtained by testing an inverter-driven 
AWHP, at first, under transient conditions to assess the performance 
drop due to start-up phase up to 20 min (COPd,s). After that, the same 
heat pump was tested under controlled environmental conditions Tair 
ranging from − 4 to +4 ◦C and RH ranging from 70 to 90%, to quantify 
the performance drop due to defrosting cycles (COPd,d).

In this study, firstly the startup time was computed (tstart-up) as a 
function of ssf according to Eq. (6). Secondly, COPd,s was assessed 
through Eq. (7) based on the ssf and the temperature difference between 
the supply and set-point temperatures (DT) using the given constraint 
and the equation constants detailed in Table 1. These correlations were 
adopted only during the heat pump startup, thus, for times lower than 
the tstart− up. 

tstart− up = − 0.54 ∗ ssf + 34.9 R2 = 0.96 (6) 

COPdrop,s = a + b ∗ ssf + c ∗ DT + d ∗ ssf2 + e ∗ ssf ∗ DT (7) 

at ssf ≥ 30Hz and start-up time 12 min for the application of Eq. 6.In 
TRNSYS, once the heat pump start event, tstart, occurs, the start-up time 
window defined by Eq. (8) is applied. Where the start-up duration tstart− up 

in minutes is then calculated as a function of the ssf, previously defined 
in Eq. (6) as follows: 

t< tstart +
tstart− up

60
(8) 

During this time interval, the COPdrop,s is computed and after the 
start-up period ends, the heat pump resumes steady-state operation ac
cording to the performance maps. The COP reduction calculated with 
Eq. (7) is used to determine the actual electrical power absorbed during 
the start-up phase by modifying Eq. (5) as follows: 

Ṗactual =
Q̇

COPnominal
(
1 + COPdrop,s

) (9) 

Based on the adopted correlations, it is assumed that the storage 
tanks and thermostat deadbands do not directly alter the start-up 
duration rather they affect the frequency of compressor cycling and 
consequently the number of start-up events.

Similarly, COPdrop,d was modelled according to Eq. (10) as a function 
of RH and Tair, with equation constants given in Table 1. Generally in the 
operation of ASHPs, defrosting cycles are likely to occur at Tair below 
3 ◦C and RH higher than 70% [41], therefore, these values were utilized 
in the present study for simulation and evaluation. 

COPdrop,d = a + b ∗ RH + c ∗ Tair + d ∗ RH ∗ Tair + e ∗ Tair
2 + f ∗ RH ∗ Tair

2

+ g ∗ Tair
3

(10) 

Where Eq. (10) is constrained to Tair ≤ 3 ◦C and RH ≥ 70% after the 
initial operation delay time of the heat pump. In the TRNSYS routine, a 
defrost event is permitted only when the climatic frosting condition is 
satisfied and the compressor is ON. At the start of the simulation, a time 
delay of 1 h was implemented, using component Type661 to prevent 

Table 1 
Correlation constants.

Constants For COPdrop,s For COPdrop,d

A − 107.7 15.05
B 1.907 − 0.2543
C 21.16 0.01351
D − 0.002337 − 0.007022
E − 0.3976 0.4319
F - − 0.005945
G - 0.03681
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immediate trigger of the defrost event, however, the elapse time be
tween two consecutive defrost cycles is not limited by any control and is 
therefore governed solely by the climatic and operating. This single 
defrost trigger criterion is used in case studies to conform with the 
experimental procedure adopted and for a fair comparison of the system 
performance.

Once the COP reduction is calculated with Eq. (10), the actual power 
absorbed by the heat pump is determined through the following 
equation: 

Ṗactual =
Q̇

COPnominal
(
1 + COPdrop,d

) (11) 

2.2.3. Description of other system components
Two stratified thermal storage tanks, one for space heating/cooling 

(SH tank) and the other for DHW (TES tank), were included and 
modelled using Type60 from the TRNSYS component library. Storage 
tank volumes were equal to 277 L and 156 L, respectively. The DHW 
demand was set equal to 186 L per day based on the Italian technical 
specification UNI/TS 11300 [42], with a daily profile retrieved from EN 
12831-3 [43]. It is important to note that when a defrost event or startup 
delays is activated, the model applies the COP degradation factors to the 
heat pump. In case of a temporary reduction in the delivered useful 
heating or when the supply temperature at setpoint cannot be main
tained due to these effects, compensation is obtained from the buffer 
tank with the backup heater, exactly as in normal capacity limited pe
riods. This ensures that indoor setpoint control remains consistent while 
the energy penalty of degraded operation is captured.

Moreover, the building model also incorporates a mechanical 
ventilation system (MVS) that includes a dehumidifier (Type14), a cross 
flow air-to-air heat recovery unit (Type667), and two mixing valves 
(Type648). Solar radiation was calculated using the Perez model 
(Type16), enabling an accurate representation of gains due to the solar 
radiation. Weekday and weekend-specific occupancy profiles were 
applied [44]. The appliance loads were modelled using stochastic de
mand profiles derived from measured household electricity consump
tion data [45]. These profiles capture realistic variations in appliance 
usage frequency, duration, and power levels, while preserving the sta
tistical characteristics of daily and weekly energy demand. Distinct 
patterns were applied for weekdays and weekends to reflect differences 
in occupancy-related activities. The resulting appliance load profiles 
provide time-resolved electricity demand and contribute to the overall 
building energy balance as internal electrical loads, affecting both total 
electricity consumption and internal heat gains. The system also in
cludes PV panels and a BESS of 3 kWh capacity. The PV array was 
modelled with Type94, by using 9 modules with a total nominal peak 
power of 4 kWp. The inverter efficiency was set equal to 97.3%. The 
BESS with charging and discharging efficiency of 0.9 was modelled 
based on the state of charge or discharge and the transient capacity 
degradation over the operational period as presented by Alic et al. [46]. 
The Energy regulation of the BESS operates based on the priority set by 
the employed control algorithm. In this control, the PV system generates 
energy and supplies it to the load. If this load is fully met and surplus PV 
power exists, the battery is prioritized, and the charging activates if 
within the capacity limit of 3.5 kW, 16 A, 220 V. If the battery is fully 
charged, surplus power is then exported to the grid. Additionally, if the 
PV power is not sufficient, battery discharging is activated until a 20% 
capacity threshold based on the control algorithm.

2.3. Key performance indicators

Performance of the heat pump based on the integrated impacts of 
startup and defrosting cycles was evaluated using key performance in
dicators described in Table 2. Once the percentage reduction was eval
uated as a function of Tair and RH (for the defrost effect) and as a 
function of the heat pump on/off state (for the start-up degradation), the 

performance of the heat pump was modified and either the COP or the 
EER were updated inside the customized subroutine type. The actual 
COP due to defrosting cycles and startup time were calculated using Eqs. 
(11) and (12), respectively. Obtaining the actual power consumption of 
the heat pump with Eq. (13), the SCOP and SEER, as shown in Eqs. (14) 
and (15), were calculated. The annual PE in Eq. (16) represents the total 
final energy consumption of the building over one year converted into 
primary energy by means of the primary energy factors. It includes en
ergy imported from the grid, energy generated and consumed from the 
installed PV system, and energy supplied by the BESS to meet the 
building's thermal and electrical requirements. These requirements 
include the operation of the appliance load, heat pump, MVS, dehu
midifier, and HVAC auxiliary systems. The electrical energy consump
tion of the heat pump for heating, cooling and DHW production was 
further used to calculate variations across different climate scenarios for 
the selected municipalities.

2.4. Limitations and assumptions

The results of this study should be interpreted considering several 
underlying assumptions. First, the performance degradation of the 
AWHP is represented through experimentally derived and validated 
correlations describing start-up and defrosting cycles obtained from 
previous experimental investigations. These validated performance 
degradation correlations are assumed sufficient for the study of future 
performance under various climate conditions. Second, the study is 
limited to a single-reference building (single-family house) with iden
tical thermal properties (U-values) across all municipalities and climate 
scenarios to isolate the influence of climatic conditions on heat pump 
operation and for a fair comparative performance assessment of the case 
study sites. Consequently, the results are assumed to represent the 
behaviour of the investigated system configuration rather than the full 
diversity of building characteristics within the region. Furthermore, 
based on the adopted correlations, it is assumed that building thermal 
inertia, storage tanks, and thermostat deadbands do not directly modify 
the start-up duration; instead, these factors influence the steady-state 
compressor frequency and therefore the frequency of compressor 
cycling and the number of start-up events. In addition, defrost operation 
was represented using a simplified climatic criterion based on outdoor 
air temperature and relative humidity corresponding to the experi
mental frosting conditions under which the correlations were devel
oped. Finally, the experimentally derived correlations are considered 

Table 2 
Performance indicators.

Performance Indicator Expression Eqn 
No

Actual COP due to defrosting 
cycle

COPactual,d = COPnominal
(
1 +

COPdrop,d
)

(11)

Actual COP due to start-up time COPactual,s = COPnominal
(
1 + COPdrop,s

)
(12)

Actual power consumption of 
HP Ṗactual =

Q̇heating/cooling

COPactual

(13)

SCOP

SCOP =

∫tf

ti

(
Qheating

)
dt

∫tf

ti

(Pactual)dt

(14)

SEER

SEER =

∫tf

ti

(
Qcooling

)
dt

∫tf

ti

(Pactual)dt

(15)

Primary Energy (PE)
(∑N

n=1
Egrid

)
× fgrid +

(∑N
n=1

Epv

)
×

fpv

(16)
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sufficient for evaluating the operational behaviour and performance of 
the AWHP in the selected Alpine municipalities, although future studies 
may further benefit from site-specific monitored data for present-day 
comparison.

3. Results and discussion

3.1. Climate predictions

The impacts of projected climatic changes, specifically the changes in 
Tair and RH, on the operational performance of an AWHP were sys
tematically analysed for the selected case study building and sites. The 
climate predictions raging between the minimum of − 10 ◦C in winter 
and maximum of 34 ◦C in summer [37] for the selected municipalities 
indicated a consistent increasing trend up to the year 2050, with vari
ations that correlate with elevation. These temperatures are within the 
operating constraints of the AWHP described in section 2.2.2. In Fig. 4, 
the average temperature rise, corresponding to their elevations above 
the sea level is shown for the year 2030 and 2050. An upward trend in 
the rise of temperature will be observed however, this increment did not 
exceed 1.5 ◦C in all municipalities as demonstrated in where the average 
temperature rise across all the Municipalities are presented. Between the 
base year (2016) and 2030, the increase in average air temperature is 
minimal, ranging from 0.48 ◦C in Arco to 0.60 ◦C in Cles. By 2050, 
however, the warming becomes more noticeable, with projected in
creases of 1.24 ◦C in Arco and 1.50 ◦C in Cles. These values indicate a 
steady upward trajectory in average temperatures, reflecting broader 
global climate change scenarios. However, the cities would remain 
within the limited temperature rise of 2 ◦C based on the Paris agreement. 
Considering the different elevations, a clear relationship can be 
observed between elevation and temperature rise. Municipalities at 
higher altitudes, such as Storo, Cavedine, and Cles, are projected to 
experience greater increases compared to their lowland counterparts, 
Arco and Trento. For instance, Cles, situated at 652 m above sea level, 
shows the highest temperature rise, whereas Arco at 83 m registers the 
lowest. This elevation-sensitive and expected rise in temperature over 
time shows the vulnerability of alpine regions, where relatively small 
shifts in temperature may have significant effects on energy demand, 
especially in the built environments.

3.2. Impacts of climate changes on the heat pump operation

3.2.1. Startup time
Startup events introduce recurring transient operating conditions 

that significantly influence the real-world operation of AWHP, particu
larly in climates with strong thermal variability such as the Alpine re
gion. During the simulation, the variation of the ssf modulated the 
compressor speed of the heat pump to balance load demand. At low ssf, 
the compressor speed is lowered, reducing the power input, but also 
extending the start-up time. The reverse is the case with high load de
mand, when the compressor ramps up more quickly, shortening start-up 
time but increasing mechanical and thermal stress. This is evident from 
Fig. 5, which demonstrate the monthly startup time in hours for the 
municipalities with the lowest (83 m) and highest (652 m) elevations, 
representing Arco and Cles, respectively. The result data for other mu
nicipalities are presented in Table A.1 of the appendix section. In the 
base year, the startup times reveal a pronounced seasonal pattern across 
all five municipalities. As shown in Fig. 5a and b, the startup time 
remained consistently low by approximately 6 h per month in summer. 
This consistently low startup hours can be attributed to the large ca
pacity of the TES and the buffer tank for DHW and cooling, respectively. 
In contrast, this does not occur during winter operation, given the 
greater severity of the climate, which benefits the startup cycles. In 
winter and transitional months higher startup times were obtained, with 
maximum occurring in March by approximately 70 h and secondary 
peaks in October and November by approximately 40 to 58 h. These 
periods correspond to frequent on–off cycling caused by fluctuating 
heating loads and rapidly changing outdoor temperatures, which 
repeatedly force the AWHP into transient operations.

The projected changes for 2030 and 2050 indicate that startup 
behaviour remains sensitive to future climatic conditions based on the 
assumptions that the temperatures used to calculate the design load 
remain unchanged and the size of the heat generator remains accurate. 
By 2050, Arco with the lowest elevation will experience an increase in 
the startup times by up to 20% in winter and by up to 6% in summer 
when compared with the present day. Similarly, Cles with the highest 
elevation will experience an increased startup times of up to 25% in 
winter, which will be lowered to about 2% in summer. This suggests that 
future operation may be increasingly dominated by part-load condi
tions, where intermittent demand promotes cycling rather than contin
uous operation. Summer months already displayed small reductions or 
negligible changes in startup time, although the operational relevance of 
these variations is limited due to the already low absolute startup du
rations. The fact that in summer months, more stable operation is wit
nessed and the heat pump is utilized for DHW production and cooling, 
the warming temperature tends to reduce impacts of the climate changes 
on operational scale.

Fig. 4. Projected average temperature rise for the selected Municipalities at different elevations considering 2016 as the base year.
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3.2.2. Defrosting cycles
The impact of defrosting cycles on the AWHP is demonstrated in 

Fig. 6 for Arco and Cles with similar patterns for other municipalities 
represented in Table A.2 of the appendix section. In the base year, 
defrosting events are concentrated in cold months and are entirely ab
sent from May to September as expected. In the present day as shown in 
Fig. 6 a), defrosting cycles occur repeatedly within a single month, 
reaching up to 31 cycles in January and 34 cycles in December for Arco. 
In Cles (Fig. 6 b), the number of cycles recorded 42 and 28 for January 
and December, respectively. This is a demonstration that at higher 
elevation, lowered Tair and high RH will have operational impacts on the 
AWHP. In mountainous climates such as this region, the heat pump will 
frequently be forced into non-heating operational modes during peak 
demand periods, which may affect the building occupants.

Projected climate data for 2030 and 2050 show a general reduction 
in defrosting frequency during late winter and early spring. In Arco, the 
defrosting cycles will experience a decrease by up to 10% in 2030 and up 

33% by 2050, and even up 100% for the month of October when 
compared with the present-day scenario. In Cles with high elevation, the 
defrosting cycles will extend to the months of April and May unlike in 
the lower elevation. This site will experience a decrease by up to 50% 
and 100% in 2050, particularly in April. These changes indicate a 
contraction of the frost-active operating window, which reduces the 
cumulative number of defrost interruptions during winter seasons. 
However, mid-winter months display more heterogeneous trends. 
Generally, in January and December, defrosting cycles remained stable 
or even increase slightly at some locations particularly at higher eleva
tions (Table A.2). The implication in these trends is that as the climate 
changes towards a more warming scenarios, the Alpine regions 
depending on elevations will experience a substantial reduction or total 
elimination of defrosting operation of the AWHP.

Fig. 5. Monthly startup time in hour for a) Arco with elevation 83 m and b) Cles 652 m.
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3.3. Impact of startup and defrosting cycle on the AWHP performance

The quantified variations in seasonal performance indicators clearly 
illustrate how startup and defrosting dynamics translate into perfor
mances losses for AWHP as demonstrated in Fig. 7. These changes are 
highly dependent on the elevation of the municipality, climate, and the 
surrounding terrain. In the base year (Fig. 7a), startup effects alone 
reduce the SCOP by approximately 4 to 6.0% across all municipalities, 
while simultaneously maintaining a consistent increase in the annual PE 
consumption between 3.2 and 3.5%. The combined effects of startup 
delay and defrosting cycles significantly increased the drop in the SCOP 
by about 9 to 11% and consequent increase in the PE 7 to 12%. Although 
Arco's elevation is the lowest, the PE increased up to 12% with the 
combined effects of the startup and defrosting. This high PE increase in 
Arco could be attributed to its proximity to the Lake Garda, which may 
contribute to the frequent variation in the humidity. Trento on the other 
hand with high drop in the SCOP and lowest increase in the PE suggests 
more favourable conditions for heat pump operation during winter. 

With the decrease in SEER during summer by approximately 4 to 6%, 
Trento remained less affected decreasing by 4.2%.

In the 2030 scenario (Fig. 7b), startup-related impacts remain com
parable to the base year. SCOP reductions due to startup alone range 
between 4.9 and 6.4%, with associated increases in annual PE con
sumption consistent between 3.3 and 3.7% across all municipalities. 
When startup and defrosting effects are combined, SCOP reductions 
remain intensified, reaching 9 to 11%, while PE penalties range from 5 
to 8%. Compared to the base year, this represents a noticeable reduction 
in PE increase, particularly in lower-elevation sites such as Arco and 
Trento. This indicates that while startup-induced inefficiencies persist 
due to continued cycling and part-load operation, the reduced frequency 
of defrosting cycles in transitional months such as in March and April, 
partially mitigates their cumulative energy impact. By 2050 (Fig. 7c), 
the influence of startup delays becomes slightly more pronounced. 
Startup-related SCOP reductions increased to between 5 and 7%, 
reflecting a greater dominance of intermittent operation under milder 
but more variable heating conditions. However, the combined impact of 

Fig. 6. Monthly startup time in hour for a) Arco with elevation 83 m and b) Cles 652 m.
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Fig. 7. Impact of defrosting and startup cycles on the performance of AWHP a) 2016 b) 2030, and c) 2050.
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startup and defrosting stabilizes or slightly decreases compared to 2030, 
with SCOP reductions clustering around 9 to 10.2% and PE increments 
further declining between 5 and 7%. This trend suggests the possibility 
that continuous reductions in defrosting cycles offset the intensifying 
startup effects, leading to a redistribution rather than an amplification of 
seasonal losses.

In both 2030 and 2050, the impact on cooling performance remains 

modest. SEER reductions decrease progressively from the base year to 
2030 and further to 2050, falling to approximately 3 to 4% by 2050. This 
confirms that future climate conditions reduce the sensitivity of cooling 
performance to transient effects, while heating performance remains 
strongly influenced by startup and defrosting dynamics. In addition, the 
simulated COP degradation associated with start-up and defrost events 
is consistent with the experimentally derived correlations reported by 

Fig. 8. Impact of climate change on the AWHP performance a) based on the SCOP b) based on the SEER and c) based on the annual PE consumption.
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Roccatello et al. [35], from which the present degradation models were 
obtained. Furthermore, the predicted defrost patterns are physically 
consistent with Alpine climatic conditions, reported in Rossie Di Schio 
et al. [23], where outdoor temperatures frequently occur close to the 
freezing point combined with relatively high humidity, conditions 
known to favour frosting and defrost operation in ASHP.

3.4. Impact of climate changes on AWHP performances

To evaluate the impact of future climate changes on the AWHP 
performance, the combined effects of startup delays and defrosting cy
cles were considered to represent the actual behaviour of the system 
without over-estimation of results. Fig. 8 demonstrates the results ob
tained for the future performance based on the SCOP, SEER, and the 
annual PE consumption. In the base year, the SCOP ranged between 3.0 
and 3.7 across all municipalities, as shown in Fig. 8a. Under future 
climate scenarios, the SCOP increases by an average of approximately 
2% in 2030 and 6% in 2050, driven by a general warming trend. These 
results suggest that AWHP performance, particularly during heating 
operation, is likely to improve as the climate shifts toward warmer 
conditions. A lower risk of frost formation further contributes to this 
improvement, thereby enhancing the operational efficiency of heat 
pumps in mountainous regions.

This is further shown in Fig. 9, where the electrical consumption of 
the heat pump specifically for heating, cooling, and DHW production are 
demonstrated. Electrical demand for heating increases with elevation, 
however as the warming climate improves the performance, this de
mand decreases. For example, in Arco, the electrical consumption of the 
heat pump decreases by 4% in 2030 and by 8% by the end of 2050. This 
is a significant improvement because of climate change.

As shown in Fig. 8b, the SEER remained approximately constant 
across all municipalities in the base year. This can be attributed to the 
limited on–off cycling during periods when only DHW and cooling 
operation are required, which kept startup durations relatively stable. In 
2030 and 2050 climate scenarios, the impact of climate change on SEER 
remains negligible, with SEER increasing up to 2% only in Cavedine by 
2050. Although the projected changes in SEER are relatively small, 
Fig. 9 indicates that future climate conditions will lead to an increase in 
the heat pump's electrical demand for cooling. For instance, in Arco, the 
cooling power is projected to increase by approximately 2% in 2030 and 
by up to 6% in 2050.

The annual PE as shown in Fig. 8c indicated a fluctuating trend 
across the municipalities with Arco recording the lowest (124.5 kWh/ 

m2) and Cles recording the highest (137.44 kWh/m2). However, as the 
climate changes, the heat pump operation improves and PE drops. For 
example, in 2030, the PE drops by up to 8% in Arco and by 5% in Cles, 
and by the end of 2050 Arco will experience a drop in PE slightly higher 
than 8% while in Cles, it will drop by up to 10%.

The expectation is that as the air temperature rises, the heating de
mand will reduce, leading to improvement in the SCOP. However, as the 
heating demand is reduced, cooling demand is expected to increase, 
although not observed as significant as the heating demand. It is an 
indication that the increase in the temperature rise within these Alpine 
municipalities will eventually offer a prevailing advantage to the AWHP. 
Further and explicit numerical results are presented in Table A.3 of the 
Appendix section.

4. Conclusion

This study quantified the operational and performance impacts of 
startup delays and defrosting cycles on air-to-water heat pumps oper
ating in Alpine climates, under both current and future climate condi
tions. By integrating experimentally validated correlations into a 
TRNSYS simulation framework, the analysis explicitly captured tran
sient behaviours that are typically neglected in seasonal performance 
assessments. However, the obtained results are subject to the few as
sumptions and limitations such as the absolute dependency on the 
experimentally derived and validated performance degradation corre
lations, the use of single representative building with the same thermal 
properties (U-values), single defrost triggering logic, and the AWHP 
startup dependency soley on the ssf.

The results demonstrate that startup and defrosting dynamics sub
stantially affect AWHP operation. In the base year, startup operation 
accumulates primarily during winter and transitional months, reaching 
up to 70 h per month in March and 40 to 60 h in autumn months due to 
frequent on–off cycling under variable thermal loads. Defrosting cycles 
are concentrated in cold and humid periods, with up to 30 to 40 cycles 
per month observed at higher-elevation sites. These operational patterns 
are affected by elevation, climate conditions and site topography. From 
a performance perspective, the results demonstrate that transient be
haviours significantly influence AWHP performance, particularly during 
heating operation. In the base year, startup delays alone reduce SCOP by 
up to 6%, while the combined effects of startup and defrosting cycles 
lead to SCOP reductions of 9–11% and corresponding increases in 
annual primary energy consumption of up to 12%. These impacts 
intensify with elevation, reflecting harsher climatic conditions and more 

Fig. 9. Expected increase in the AWHP electrical demand specific for heating, cooling, and DHW production of the heat pump in 2050 compared to the base year.

F. Eze et al.                                                                                                                                                                                                                                      Energy 353 (2026) 141016 

12 



frequent transient operation in higher-altitude municipalities. Cooling 
performance is comparatively less affected, as defrosting is absent and 
startup durations remain limited.

Future climate projections indicate that warming trends will 
partially offset these losses. Reduced frost occurrence leads to fewer 
defrosting cycles, while milder winter conditions improve overall 
heating efficiency. By 2050, SCOP increases by up to 6% and primary 
energy consumption decreases by up to 10% across the investigated 
sites, despite a slight increase in startup-related cycling under part-load 
conditions. Cooling demand and capacity increase modestly, but SEER 
remains largely unchanged. These findings confirm that accounting for 
startup and defrosting dynamics is essential for realistic long-term per
formance assessment of AWHPs, particularly in mountainous regions. 
The proposed modelling framework provides a robust tool for support
ing climate-resilient system design, energy planning, and policy de
cisions aimed at accelerating the deployment of heat pumps in Alpine 
and similar climates. The imminent reduction in defrosting operations 
and the improvement in seasonal performance indicate that low ambient 
temperatures may become a less critical constraint for heat pump op
erations, thereby enhancing their technical feasibility and supporting 
wider adoption even in traditionally cold locations where performance 
limitations currently restrict their fully widespread. The current study 
has contributed in showing that climate change will moderately alle
viate, but not fully resolve, the operational challenges of AWHPs in 
Alpine regions. Nevertheless, future studies should explore site-specific 
monitored data of defrost and start-up events for the same AWHP unit 
for further comparison of the predicted present-day cycle frequencies. 

Additionally, it may be necessary to extend the modelling framework to 
other building types such as multi-family residential and commercial 
buildings, where the influence of different load profiles and thermal 
inertia on start-up and defrost behaviours can be studied indepth.
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Appendix A 

This section provides a detailed numerical result of this study. In Table A.1, monthly startup times in hours are shown while in Table A.2 the 
monthly number of defrosting cycles were detailed. Similarly, Table A.3, detailed the numerical result of the SCOP, SEER, and the annual PE were 
presented for all investigated scenarios.

Table A.1 
Monthly startup time for all the investigated municipalities

Impact of Startup Time on the Operation of AWHP (Monthly startup time in hours and percentage change in 2030 and 2050)

Trento (height = 185m) Storo (height = 384m) Arco (height = 83m) Cavedine (height = 549m) Cles (height = 652m)

Base year 2030 2050 Base year 2030 2050 Base year 2030 2050 Base year 2030 2050 Base year 2030 2050

Jan 29.87 2% 7% 27.90 1% 3% 34.57 7% 20% 31.10 − 6% 4% 29.35 − 1% 4%
Feb 31.57 14% 17% 27.50 7% 19% 37.23 12% 22% 27.50 − 3% − 1% 26.27 1% 5%
Mar 67.95 4% 6% 58.27 7% 22% 69.52 3% 7% 51.20 − 7% 6% 48.90 10% 22%
Apr 42.75 4% 5% 49.58 0% − 2% 45.87 6% 6% 49.78 − 1% 2% 35.87 8% 16%
May 6.85 − 5% − 8% 6.85 3% 1% 6.40 5% − 2% 7.30 − 3% − 7% 7.27 − 2% − 1%
Jun 6.22 − 1% − 1% 6.03 12% − 4% 6.30 − 2% − 4% 6.27 5% − 3% 6.37 − 1% − 5%
Jul 6.43 4% − 2% 5.98 6% 6% 6.52 2% 6% 6.15 0% 1% 6.38 − 1% 2%
Aug 6.82 − 4% 1% 6.18 − 4% − 1% 6.88 − 8% − 7% 6.33 0% 2% 6.47 − 3% − 5%
Sep 6.43 2% − 8% 6.25 6% 1% 6.32 − 5% 0% 6.82 0% − 5% 6.90 − 5% − 6%
Oct 47.17 1% 7% 40.33 7% 5% 51.68 − 1% 0% 44.18 − 2% − 3% 39.53 6% 18%
Nov 49.67 6% 12% 53.30 1% 6% 58.08 1% 14% 51.98 − 6% 8% 40.70 8% 25%
Dec 30.25 3% 7% 29.22 2% 4% 32.18 4% 10% 30.87 − 4% 2% 29.65 1% 8%

Table A.2 
Monthly defrosting cycles for all municipalities

Impact of Defrosting Cycles on the Operation of AWHP (Monthly number of cycles and percentage change in 2030 and 2050)

Trento (height = 185m) Storo (height = 384m) Arco (height = 83m) Cavedine (height = 549m) Cles (height = 652m)

Base year 2030 2050 Base year 2030 2050 Base year 2030 2050 Base year 2030 2050 Base year 2030 2050

Jan 38 3% − 8% 31.00 6% 10% 31.00 3% − 10% 40.00 3% − 8% 42.00 − 2% 2%
Feb 18 0% − 6% 25.00 − 8% − 8% 21.00 − 10% − 33% 24.00 8% − 8% 26.00 0% − 12%
Mar 14 7% − 36% 22.00 − 9% − 32% 13.00 0% − 31% 15.00 0% 0% 17.00 − 18% − 29%
Apr 1.00 0% 0% 56.00 − 20% − 39% - - - 4.00 75% − 75% 6.00 − 50% − 100%

(continued on next page)
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Table A.2 (continued )

Impact of Defrosting Cycles on the Operation of AWHP (Monthly number of cycles and percentage change in 2030 and 2050)

Trento (height = 185m) Storo (height = 384m) Arco (height = 83m) Cavedine (height = 549m) Cles (height = 652m)

Base year 2030 2050 Base year 2030 2050 Base year 2030 2050 Base year 2030 2050 Base year 2030 2050

May - - - - - - - - - - - - 8.00 − 13% − 50%
Jun - - - - - - - - - - - - - - -
Jul - - - - - - - - - - - - - - -
Aug - - - - - - - - - - - - - - -
Sep - - - - - - - - - - - - - - -
Oct 3.00 − 67% − 100% 3.00 0% − 33% 1.00 0% − 100% 3.00 0% 33% 3.00 0% 0%
Nov 19.00 − 11% − 16% 19.00 − 5% − 16% 18.00 − 22% − 33% 12.00 8% − 17% 18.00 0% − 28%
Dec 24.00 0% 0% 35.00 − 17% − 11% 34.00 − 3% − 9% 29.00 10% 0% 28.00 0% 21%

Table A.3 
Elaborated Simulation results for all municipalities

Municipalities SCOP without 
startup and 
defrosting

SCOP with 
Startup

SCOP with Startup 
+ Defrosting

SEER 
Without 
startup

SEER with 
startup

PE 
Without startup and 
defrosting (kWh/m2)

PE with 
Startup (kWh/ 
m2)

PE with Startup +
Defrosting (kWh/m2)

Base Year
Arco 4.01 3.77 3.65 4.02 3.85 111.05 115.05 124.50
Trento 3.72 3.52 3.35 4.00 3.83 124.26 128.51 132.35
Storo 3.63 3.46 3.25 4.00 3.38 127.48 131.58 137.23
Cavedine 3.65 3.48 3.28 4.03 3.79 123.74 127.84 132.81
Cles 3.59 3.42 3.22 4.02 3.82 127.69 132.07 137.44
Year 2030
Arco 4.10 3.84 3.71 4.01 3.84 108.57 112.57 114.51
Trento 3.80 3.59 3.43 3.99 3.84 121.18 125.25 128.60
Storo 3.70 3.52 3.29 4.01 3.86 123.38 127.45 132.96
Cavedine 3.73 3.54 3.36 4.02 3.82 119.84 123.97 128.26
Cles 3.67 3.47 3.29 4.01 3.83 121.54 126.06 130.56
Year 2050
Arco 4.22 3.94 3.87 4.01 3.87 108.68 112.54 114.12
Trento 3.90 3.65 3.50 3.99 3.84 120.91 125.32 128.14
Storo 3.80 3.61 3.44 3.97 3.83 119.24 123.08 126.69
Cavedine 3.83 3.62 3.45 4.02 3.85 116.32 120.43 124.00
Cles 3.82 3.60 3.43 4.00 3.83 115.28 119.70 123.25

Data availability

Data will be made available on request.
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