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GHG emissions are caused directly by using fossil fuels 
in buildings (e.g., natural gas combustion for heating) and 
indirectly by producing electricity, and partially by heat-
ing used in buildings (cooling systems, lighting, electrical 
appliances, electric heaters, etc.). The European Green Deal 
(European Commission 2019) and the REPowerEU plan 
(European Commission 2022), which aims to end the EU’s 
dependence on Russian fossil fuels, require additional sav-
ings and energy efficiency gains in the building sector.

A key technology in the decarbonization process that 
complements renewable energy (RE) sources and energy 
savings is using heat pumps for thermal energy demand 
in buildings (Novak 2018; Bianco et al. 2020; Wu et al. 
2020). In particular, besides the now standard air-to-air, air-
to-water, and water-to-water heat pumps, geothermal heat 
pumps, dual-source heat pumps for Domestic Hot Water 
(DHW) production, exhaust air recovery heat pumps, and 
multifunctional units (used simultaneously for heating, 
cooling, and DHW production) are increasingly becoming 

1  Introduction

The energy demand from the European building stock 
accounts for 35% of greenhouse gas (GHG) emissions, 
according to the (European Environment Agency, 2023), 
and building energy consumption is a significant contribu-
tor to carbon emissions and presents a major challenge for 
sustainable urban development (Shang and Lv 2023). The 

	
 Eugenia Rossi di Schio
eugenia.rossidischio@unibo.it

Vincenzo Ballerini
vincenzo.ballerini2@unibo.it

Paolo Valdiserri
paolo.valdiserri@unibo.it

1	 Department of Industrial Engineering DIN, Alma Mater 
Studiorum— University of Bologna, Viale Risorgimento 2, 
Bologna I-40136, Italy

Abstract
Despite the importance of buildings’ energy consumption as a significant contributor to carbon emissions, there is cur-
rently a lack of analysis on the impact of climate change on a building’s energy consumption using experimental data. 
This paper’s main goal and novelty are to determine whether, over 54 years from 1970 to 2023, the net energy demand 
of a building has changed and to what extent. Within this framework, this paper presents a dynamic analysis of a building 
located in Milan, northern Italy. The building is served by a multifunctional heat pump for heating, cooling, and domestic 
hot water production, supplemented by a photovoltaic panel system covering part of the overall electricity demand. The 
overview of experimental climate data for the considered site from approximately the past 50 years shows significant 
variations, setting the stage for anticipating future environmental challenges and preparing adaptive strategies to mitigate 
the impact of climate change. As a result, the electricity demand has increased on average over the years, specifically 
showing a significant decrease in energy required for heating and an increase in demand for cooling. The overall increase 
in electrical energy demand for buildings and systems is 2.3%, from 6310 kWh in 1970 to 6460 kWh in 2023. By con-
sidering the contribution of the PV, overall, the net energy demand of the building, coupled with the multifunctional heat 
pump and the extensive PV panel system, results in a 9.2% reduction in net electrical energy required from the electrical 
grid, from 2170 kWh in 1970 to 1990 kWh in 2023.
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prevalent in the market (Markets and Markets 2023). As 
highlighted in the U.S. Heat Pump Water Heater Market 
Size report (2025) and the 2024 report by the European Heat 
Pump Association (EHPA) (2024), heat pumps for domes-
tic hot water production occupy a significant segment of 
the market. Currently, attention is also focusing on exhaust 
air heat pumps, which can recover residual thermal energy 
from exhaust air leaving buildings, allowing for better per-
formance (Saini et al. 2021; Cepiński et al. 2020). Cepiński 
et al., in particular, have analyzed the possibility of recover-
ing waste heat from the exhaust air leaving a multi-family 
building’s ventilation system using a recovery heat pump 
through dynamic simulations. This heat pump was used for 
DHW production, and the dynamic analysis showed that 
using this system led to a 35.1% reduction in final energy for 
DHW production. Attention is now also focusing on mul-
tifunctional heat pump systems for the combined produc-
tion of DHW and thermal energy for the building’s HVAC 
system (Chakraborty et al. 2022; Leonforte et al. 2022; 
Wang and Zare 2024). Chakraborty et al. (Chakraborty et 
al. 2022) recently analyzed the performance of a multifunc-
tional heat pump. They found that the Coefficient of Perfor-
mance (COP) of the machine depends not only on internal 
and external conditions but also on the temperature of the 
DHW tank: Operational mode decisions of the system con-
trols impact the performance, for instance, the cooling COP 
increases during operation with DHW heating compared to 
space cooling-only mode. In the combined mode, it was also 
observed that the cooling COP decreases by 0.1 with every 
3 °F rise in tank temperature. As previously indicated, heat 
pumps are an excellent technology that can advance decar-
bonization if integrated with renewable energy sources for 
electricity production (Leonforte et al. 2022; Wang and Zare 
2024). Wang and Zare (2024) conducted a dynamic analysis 
on an air multifunctional heat pump, combined with ther-
mal and photovoltaic solar collectors (PVT), in the United 
States. In particular, they determined that the seasonal per-
formance is also significantly influenced by climatic con-
ditions, showing a seasonal performance factor of 2.7 in 
Baltimore and 3.7 in Las Vegas. In particular, the scientific 
literature focuses mainly on the coupling with solar systems 
(Namdar et al. 2025), highlighting the advantages of this 
technology coupled with green roofs (van der Roest et al. 
2023).

In the past, authors have analyzed the effect of climatic 
conditions on the performance of air heat pumps in vari-
ous Italian municipalities (Ballerini et al. 2022); our goal 
now is to explore the performance and trend of thermal 
demands (heating and cooling) of a heat pump system 
combined with PV panels as climatic conditions vary in a 
European location, namely Milan, Italy. In fact, while the 
effect of weather conditions on heat pumps has been widely 

discussed in scientific literature, the same cannot be said 
about the impact of climate change on buildings’ energy 
demand. Tamer et al. (2022) collect climate data regarding 
Turkey and create two sets of multivariate regression mod-
els: (i) models for forecasting future weather metrics and 
(ii) models for projecting future energy demand and genera-
tion. A predictive approach is also employed by Berardi and 
Jafarpur (Berardi et al. 2020), foreseeing a reduction of 30% 
of Degree Days in Toronto (Canada) by 2027, coupled with 
a decrease in heating energy use intensity of 18–33% and 
an increase in cooling energy use intensity by 15–126% in 
future scenarios. Moreover, a European case study using a 
predictive approach is investigated in (Elnagar et al. 2023).

As far as the authors are concerned, an analysis of the 
effects of climate change on a building’s energy consump-
tion based on experimental data is at present missing and 
must consider numerous factors, from the amount of radiant 
energy available for photovoltaic panels to the variation in 
consumption needed to meet the building’s demands, influ-
enced by changes in temperature, relative humidity, and 
precipitation.

To bridge this gap, the present dynamic analysis aims to 
assess the influence of climate change on the net thermal 
energy demand of a building served by a multifunctional 
heat pump used for producing thermal energy for heating, 
cooling, and domestic hot water, paired with photovoltaic 
solar panels. Climate data referring to a well-known Ital-
ian location (Milan) were obtained from the Open-Meteo 
historical database (Openmeteo) for the past 54 years 
(1970–2023). Dynamic simulations were conducted using 
the TRNSYS software (Klein et al. 2017), employing the 
downloaded and subsequently processed climate data. The 
results of the dynamic analysis showed that, over the course 
of the 54 years of simulation, the net electricity drawn from 
the grid, considered as the difference between the energy 
drawn and fed in, exhibited a decreasing trend; at the same 
time, however, the electricity required by the building 
showed an increase over the years. We should point out that 
internal consumption can also be reduced by using more 
efficient appliances and lighting over the past 50 years; on 
the contrary, the number of electrical disposals usually has 
increased in the same period. Indeed, in the present analysis 
to better highlight the effect of climate change on the build-
ing’s thermal energy demand, we will assume no variation 
in electricity consumption for other “services”.

2  Methodology

The paper presents a dynamic analysis conducted using 
TRNSYS software v.18 (Klein et al. 2017). The building 
analyzed is discussed in Sect. 2.2, while further details are 
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given in Appendix A. The building is a detached house 
occupied by four people, with a usable floor area of 90 m2, 
well-insulated and air-tight, constructed primarily using 
natural materials (plant fibres and wood). It is located in 
Northern Italy, in Milan.

We refer to a theoretical building, with a well-performing 
envelope, equipped with a high-quality HVAC system, a 
recent and performing PV system, and constant consump-
tion in the 50 years of lighting and electrical equipment. All 
these features allow for a reduction of the role of climate 
variability in the building’s energy consumption.

In order to reduce the analysis on the impact of climate 
change, the authors have chosen a building that complies 
with current energy regulations and have projected it back 
in time. Indeed, while it is becoming a standard nowadays, 
such a building would not have existed in the 1960–1970 s, 
since it is highly efficient, and many aspects related to 
energy consumption and energy efficiency that are of inter-
est now were not part of the building’s culture at that time. 
The opposite choice, namely considering a 1960 s build-
ing throughout its history up to the present day, could have 
highlighted the effect of retrofit or refurbishment interven-
tions, and it would have been difficult to distinguish the real 
effect of climate conditions, among others.

The 3D modelling of the building is carried out using 
Google SketchUp software (Trimble Inc., 2015), whilst the 
Tess Libraries (Thermal Energy System Specialists 2017) 
are used. The 3D-modelled building is then imported into 
TRNSYS (type 56) (Klein et al. 2010) using the TRNSYS 
plugin for Google SketchUp (Trnsys3D, 2019). Hourly pro-
files for internal gains, occupancy, and equipment usage 
are defined according to the UNI TS 11,300 (UNI 2014, 
UNI 2016, UNI 2019), IEA Task 44 (Dott et al. 2013), and 
regarding the profiles for electricity demand from the grid, 
according to estimates by AREA, the Italian Regulatory 
Authority for Energy Networks and Environment (Arera). 
These profiles are presented explicitly in Appendix A.

The system serving the building has been fully imple-
mented in TRNSYS and is exhaustively presented in 
Sect.  2.3: it mainly consists of a generator that is a mul-
tifunctional heat pump that manages the heating, cooling, 
and DHW production system. The heat pump is connected 

to the emission terminals, namely fan-coils, and to the Air 
Handling Unit (AHU), which includes a heat recuperator 
and ensures the airflows for renewal according to standard 
16789-1 (British Standards Institution 2019). The total elec-
trical demand of the building is partially managed by about 
40 m2 of photovoltaic panels (PV) installed on the roof, 
coupled with an inverter and a 15 kWh storage battery, to 
maximize self-consumption and make the building as inde-
pendent as possible from the national electricity grid.

Figure 1 reports a general scheme of the methodology 
starting from the climatic data to the total electric energy 
demand. Information regarding the sketch of the HVAC sys-
tem is reported in Appendix B.

Weather data have been downloaded (presented in 
Sect. 2.1) from the Open Meteo historical database (Open-
meteo). They have been reprocessed to perform annual 
analyses (explained in Sect. 2) and to obtain hourly values 
formatted to be read by a data reader in TRNSYS.

2.1  Site description and climatic data

For the dynamic analysis, Milan in Northern Italy has been 
selected (45.46714° lat., 9.1834° long., elevation 144  m). 
According to the Italian climate classification by Presiden-
tial Decree DPR 412/93, Milan is classified in Climate Zone 
E, characterized by 2,404 Heating Degree Days (HDD), 
with the heating period from October 15 to April 14. 
According to the Köppen-Geiger classification, Milan has 
a warm temperate climate, consistently humid, with very 
hot summers (Köppen-Geiger classification Cfa) (Kottek, 
2006). For this location, hourly climate data from 1970 to 
2023 are obtained from the historical dataset provided by 
Open Meteo (Openmeteo; Zippenfenig 2023a; Hersbach et 
al. 2023; Muñoz Sabater 2019; Schimanke et al. 2021) and 
used as input for the dynamic simulations. As specified in 
(Zippenfenig 2023b), the weather data from the database is 
reprocessed with 90 TB of climate data and has an accurate 
spatial resolution. This historical dataset involves repro-
cessing meteorological data sourced from weather stations, 
aircraft, radar, satellite observations, buoys, and forecast 
models (Zippenfenig 2023b).

Fig. 1  Scheme of methodology 
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Focusing on the annual values from 1970 to 2023, Fig. 2 
displays the annual average external air temperatures (dry 
bulb temperature), humidity, and the total and diffuse hori-
zontal irradiation per unit area. Notably, the increase in 
external air temperature over the 54 years of meteorological 
data analyzed is approximately 2.8 K, from 11 °C in 1970 to 
13.8 °C in 2023, according to a linear approximation shown 
in Fig. 2(a). Conversely, according to the linear approxima-
tion, the average annual relative humidity has decreased 
from 76% in 1970 to about 71% in 2023. Regarding annual 
irradiation, similar trends are observed, with an increase 
in total irradiation on a unitary horizontal surface by 7.9% 
(from 1310 kWh/(m2 y) to 1414 kWh/(m2 y)). However, 
diffuse irradiation appears to have decreased from 1970 to 
today by 7.3%, moving from 501 kWh/(m2 y) to 465 kWh/
(m2 y).

Moreover, Fig. 3 reports the sum of the annual precipita-
tion (rain and snow, plotted separately) and the wind speed 
and direction for the 54 years. Considering the wind param-
eters, an increase in wind speed can be observed over the 54 
years, especially starting from 2017. Focusing now on the 
yearly precipitation (Fig. 3(b)), it can be noticed stability or 
rain precipitation over the years (approximately 1100 mm 
of rain precipitation per year), while focusing on snow pre-
cipitation, we can see a decreasing trend (from 46.4 mm in 

For this specific analysis, the following hourly climate 
data have been retrieved for the locality: dry bulb tempera-
ture, wet bulb temperature, relative humidity, cloudiness 
factor, atmospheric pressure, precipitation, wind speed and 
direction, total irradiance on the horizontal, horizontal beam 
radiation, diffuse radiation on the horizontal, and beam radi-
ation on a surface perpendicular to sun rays.

Data downloaded from (Openmeteo) are then repro-
cessed to derive annual average figures and prepare them for 
dynamic simulation software use. The data preparation for 
import into TRNSYS has been performed similarly to the 
method described in (Ballerini et al. 2023). Indeed, hourly 
data are entered year by year into a text file, subsequently 
read by a data reader (type 9e) in TRNSYS. Following this, 
the values read by the program are sent to a radiation pro-
cessor (type 16i, which takes total and diffuse irradiation 
data horizontally to calculate radiation components on any 
other arbitrarily oriented surface) and a sky temperature 
calculator (type 69a which calculates the sky temperature 
using values of dry bulb temperature, wet bulb temperature, 
cloudiness factor, and direct and diffuse irradiation on the 
horizontal). The output data from the data reader and other 
types mentioned in this paragraph are then used to deter-
mine the environmental conditions surrounding the building 
and its systems.

Fig. 2  Mean yearly dry bulb tem-
perature (T) and relative humidity 
(RH) (a); total (TOT) and diffuse 
(DIFF) annual radiation on a hori-
zontal surface of 1 m2 (b)
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population lives in detached houses (Eurostat 2020); more-
over, this kind of dwelling best integrates with renewable 
energy sources, particularly PV systems that can be easily 
installed on rooftops. Details are reported in Appendix A.

An excellent air tightness has been assumed for the 
building, with an air change rate of 0.1 h−1 in every thermal 
zone. As already described, we have chosen a high-perform-
ing envelope and the lowest possible air change rate value, 
according to norm (UNI 2014), is 0.1 h−1. Additionally, air 
coupling between thermal zones is simulated, considering 
the passageway area between them, a discharge coefficient 
(Cd), and the density difference due to different tempera-
tures between adjacent environments with openings. Spe-
cifically, Eq.  (1) presents the air density (ρi) calculated in 
the i-th thermal zone i with an air temperature of tair, i, while 
Eq. (2) reports the mass of air coupling (mcoup, i,j) between 
two zones i and j of two adjacent environments, where Cdij 
is the discharge coefficient, Wi, j and Hi, j are the dimensions 
(width and height) of the openings between the two thermal 
zones, g is the gravitational acceleration, and ρi and ρj are 
the densities calculated for the two environments in zones i 
and j respectively (Stuart Dols and Polidoro 2020):

ρ i = −0.0042 · tair,i + 1.2896� (1)

1970 to 23.5 mm in 2023, considering the linear interpola-
tion shown in Fig. 3(b)).

Considering the annually aggregated data presented so 
far, it is clear that the climate has changed over the past few 
decades (1970–2023). Specifically, in Milan, there has been 
an average increase in external air temperature of about 
2.8 K, while at the same time, relative humidity decreased 
from 76% to 71%. According to a linear approximation, 
total horizontal irradiance increased by 7.9% from 1970 to 
2023. There has also been an increase in wind speed, while 
precipitation (rain) has remained constant during the obser-
vation period; conversely, there has been a drastic reduc-
tion in annual snowfall, with a decrease of 49% from 1970 
to 2023. This overview of climate data from approximately 
the past 50 years shows significant variations in climate 
meteorological conditions. It should also set the stage for 
anticipating future environmental challenges and preparing 
adaptive strategies to mitigate the impact of climate change.

2.2  Building description

The residential building selected for dynamic analyses is 
a detached house with a floor area of 90 m². This kind of 
housing has been chosen since more than 20% of the Italian 

Fig. 3  Mean yearly wind speed 
(SPEED) and wind direction (DIR) 
(a); total annual rain (PREC_
RAIN) and snow precipitation 
(PREC_SNOW) (b)

 

1 3



V. Ballerini et al.

as assumed by the authors. Finally, Fig.  5(c) displays the 
hourly domestic hot water (DHW) withdrawal profile, as 
defined by the UNI/TS 11,300 standard (UNI 2014, UNI 
2016, UNI 2019).

A comparison between Figs. 4 and 5 shows that the ther-
mal loads and the DHW profile exhibit repeatability. In con-
trast, air couplings do not, as they also depend on internal 
and external conditions, such as actual air temperature and 
humidity.

2.3  HVAC and PV system

The HVAC system serving the building consists of two main 
parts: one part is an air handling unit (AHU), whilst the other 
is the PV system. AHU is designed to maintain adequate 
humidity for the presence of people (latent load control) and 
also aims to ensure the necessary air exchanges to main-
tain adequate Indoor Air Quality (IAQ) and humidity levels 
to prevent Sick Building Syndrome (SBS). Indeed, recent 
scientific literature has paid attention to the importance of 
indoor air quality (Wolkoff 2018; Wei et al. 2022; Ballerini 
et al. 2025a; Poirier, 2024), and artificial intelligence meth-
ods have also been employed (Ballerini et al. 2025b; Dong 
et al. 2023). In the building under investigation, the sensible 
heating and cooling are managed by fan coils positioned 
within the areas to be heated. Appendix B reports details 
concerning the modelling of the HVAC and PV systems. 
The air handling unit includes an enthalpic heat recovery 
unit (modelled with TRNSYS type 667b) capable of manag-
ing airflows up to 700 kg/h, with an average sensible heat 
recovery efficiency of 75% and a latent recovery efficiency 
of 30%. This unit can be disabled for free cooling during 
nighttime or shoulder seasons. The fresh air stream, after 

mcoup,ij = Cd,iWi,j

3

√
ρ igH3

i,j

∣∣ρ i − ρ j

∣∣.� (2)

In Fig. 4, the behavior of the air coupling between different 
thermal zones during a typical winter season is depicted. 
Specifically, the figure shows that the coupling between 
the living room and the kitchen is greater, as the passage-
way area between these two thermal zones is assumed to 
be larger.

The sensible internal gains from equipment follow an 
hourly profile as established by IEA Task 44 (Dott et al. 
2013), and the total profile is shown in Fig. 5(a). It is dis-
tributed across rooms according to the usable floor area. It is 
assumed that four people inhabit the residential house, and 
their hourly presence is shown in Fig. 5(b) for each room. 
Each person contributes a sensible internal gain of 60 W, 
with 20 W representing the convective portion and 40 W the 
radiative portion. The latent loads are due to the presence of 
people, with 0.05 kg/h of water vapor produced by every-
one, and an additional hourly latent heat gain is assumed in 
the bathrooms and kitchen to simulate the use of showers 
and cooking (Fig. 5(a)). The hourly profile of people’s pres-
ence is also used to determine the CO2 concentration in the 
rooms.

Specifically, Fig. 5(a) shows the hourly profile of internal 
electrical equipment loads, defined according to IEA Task 
44 (Dott et al. 2013), along with the estimated latent heat 
gains due to showering and cooking - typically the main 
sources of latent load in residential environments. The esti-
mated moisture release rates were 0.5 kg/h for showers and 
0.4 kg/h for cooking, occurring at different times of the day. 
Figure 5(b) presents an estimate of room occupancy based 
on the typical daily schedule of a four-person household, 

Fig. 4  Air coupling between 
thermal zones: mc_LR_K is the air 
coupling between the living room 
and the kitchen, while mc_LR_
BR1 is between the living room 
and bedroom 1; the dashed lines 
refer to the air density difference 
between the two zones
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employed heat pump, whose performance maps are reported 
in the Appendix B, (heating thermal power of 7 kW and a 
COP of 2.65 at rated conditions, i.e. cold source of 7 °C and 
hot source of 45 °C), is modelled using interpolators (type 
581b) that can determine the thermal power deliverable to 
the hot and cold tanks, the COP, and the EER based on the 
inverter’s frequency (defined by two PID controllers), the 
temperature of the cold source, and the temperature of the 
hot source.

Notably, the multifunctional heat pump has four differ-
ent operating modes, depending on the thermal demand, as 
explained in Appendix B and especially in Table 2 and in 
Figure 14. The temperature entering the heat pump is that of 
the outside air mixed with the recovery air from the building 
through the recuperator, to improve the performance indices 
of the machine and exploit the thermal energy that was not 
recovered with the heat recuperator.

The AHU modulates the airflow into the rooms. Precisely, 
minimum air renewal rates have been established according 
to standard EN 16798-1:2019 (British Standards Institution 
2019), for the dilution of pollutants (such as formaldehyde, 
considering, as per the standards, a low-polluted building), 
and listed in the Appendix B in Table 3 for each room. The 
control of the renewal rate for each room is determined by 
the maximum between the minimum renewal rate, the rate 
determined by control to maintain CO2 levels below a target 
value (800 ppm), as prescribed by standard (British Stan-
dards Institution 2019) for category I buildings, and the rate 

passing through or bypassing the recuperator, is split into 
two streams: one passes through a steam humidifier (type 
507) for heating season use, while the other goes through 
a cooling coil (type 508a) for cooling season and shoulder 
season use. These streams are mixed using PID controllers 
(type 23) and air mixers (type 648) to achieve the supply air 
conditions set by the system’s set point.

The fan coils consist of a fan (type 744), a cooling coil 
(type 508a), and a heating coil (type 753 d). The control of 
water flow rates in the cooling coil during summer, the water 
flowing in the heating coil during winter, and the fan power 
are also controlled by PID controllers. The streams of hot 
and cold water come from two 0.4 m3 tanks located inside 
the building and are modelled using type 534 as stratified 
thermal tanks with three temperature nodes evenly spaced 
between them, with a dispersion of 0,23 W/(m2 K). The hot 
storage is connected to the hot coils of the fan coils and a 
load representing the hourly thermal demand for domestic 
hot water (DHW), shown in Fig. 5(c). In the same manner, 
a cold storage tank is connected to the cold coils of the fan 
coils and the dehumidifying coil of the air handling unit. 
The hourly DHW profile and daily demand are selected 
according to UNI TS 11300 ((UNI 2014, UNI 2016, UNI 
2019).

The two storage tanks are maintained at the set point 
(namely 45 °C for the hot storage and 7 °C for the cold stor-
age) by a multifunctional air-to-water heat pump, which can 
operate for both heating and cooling simultaneously. The 

Fig. 5  Internal gains due to equip-
ment and additional latent gains 
due to cooking in the kitchen and 
showers in the two bathrooms (a); 
people presence in the rooms (b); 
hourly DHW profile (c)
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summer, the set-point is 26 °C in all rooms. It is assumed, as 
specified by DPR 412/93, that the heating season starts on 
October 15 and ends on April 14; for the rest of the year, the 
system is set to cooling mode, as simulations have shown 
that on some days in the mid-seasons, the building needs 
cooling to maintain the set-point below 26 °C. Humidifica-
tion in the living room and the two bedrooms during winter 
and dehumidification in all zones is activated only when the 
humidity exits the 45–65% range.

3  Results and discussion: the intraday 
analysis

Let us first discuss the climate data from two days, one in 
the winter and one in the summer season, namely January 
3rd, 2010, and July 14th, 2010, as reported in Fig. 6. It is 
observed that the system can maintain the set point through-
out the day in both configurations. Moreover, humidity is 
kept within acceptable ranges in summer and winter.

In Fig.  7, the behavior of the battery charge and the 
demand and production from PV and grid during two days, 
one in winter and one in summer, is observed: “FV” is photo-
voltaic production, “LOAD” is the total electricity demand, 
“from_GRID” is the electricity from grid, “out_BATT” and 
“in_BATT” is the electricity from and to the battery respec-
tively, “BATTERY” refers to the energy stored in the bat-
tery. The figure shows that during the considered summer 
day (Fig. 7(b)), the demand for electricity from the grid is 
reduced compared to the winter scenario (the black line 
refers to electricity from the grid). Additionally, during the 
summer, photovoltaic production covers more hours of the 
day, from 6:00 a.m. to 8:00 p.m., while in winter, it spans 
from 8:00 a.m. to 6:00 p.m.

4  Results and discussion: the 50 years 
analysis

Let us now examine the behavior of energy consumption 
over a long-term horizon, based on the use of more than 50 
years of climate data.

Figure 8(a) shows the trends of electrical power 
demanded by the system, the heat pump, and the equip-
ment and lights. The latter’s consumption is assumed to 
be constant, annually amounting to about 2700 kWh. It is 
also noted that the power required by the system, includ-
ing auxiliary components, has an annual consumption that 
can be considered approximately constant: indeed, EE_SYS 
accounts for the energy consumption for the HVAC system, 

determined to keep the humidity in the environments within 
the range of 40–70%. Moreover, humidification occurs dur-
ing the winter season only in the bedrooms and the living 
area and not in the bathrooms and kitchen, where the limited 
presence of people in these areas, alongside the water vapor 
produced by cooking and using showers, is deemed suffi-
cient to justify only the need for dehumidification.

In addition to the heat pump, the air handling unit, the 
emission terminals, and the thermal storage tanks, the build-
ing features rooftop photovoltaic panels that partially meet 
the building’s electrical power needs. These panels are cou-
pled with a storage battery having a capacity of 15 kWh. The 
PV system is modelled in TRNSYS using type 103b (45 PV 
panels arranged in parallel, each with a surface of 0.89 m², 
tilted at 35° to the horizontal, with an open-circuit voltage 
of 21.6 V, a short-circuit current of 6.5 A, a short-circuit cur-
rent temperature coefficient of 0.2 A/K, and an open-circuit 
voltage temperature coefficient of −0.079 V/K), an electri-
cal battery created with the TRNSYS equation editor, and a 
busbar (type 48b) to couple the electrical load required by 
the building with the photovoltaic production, the charge/
discharge from the battery, and the potential withdrawal or 
injection of electrical energy to/from the national grid. Fur-
ther details about the modelling of the PV system are pro-
vided in Appendix B.

The total electrical power required is the sum of the 
power required by the heat pump; the electrical demand 
profile, better discussed in Appendix B, accounts for 7.4 
kWh daily and approximately 2700 kWh of electricity per 
year, according to typical electricity demand for a family of 
four people in Italy (Arera). This daily profile refers to the 
electrical energy used in the house by lights and equipment, 
and, the power required by the HVAC and PV system: air 
handling unit fans, fan coil fans, control system, pumps and 
humidifier, modulating and with a maximum power demand 
of 200 W, by the fan coil fans (30 W each), by the control 
system, considered constant and equal to 50 W throughout 
the year, by the pumps (20 W each) and the consumption 
due to the humidifier of 30 W.

2.4  Analyses performed

Using the dynamic simulation software TRNSYS, 54 annual 
simulations are performed on the building coupled with the 
system described in the previous paragraphs, using the pro-
cessed climate data indicated in Sect. 2.1. Specifically, for 
every simulation, all parameters are kept constant except for 
the climate data. Within the thermal zones, during the win-
ter, a set-point temperature of 20 °C is maintained except in 
the bathrooms, where the set-point is set to 22 °C; during the 
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Fig. 7  Electricity fluxes during a 
day representative of the winter 
season (a) and during a day repre-
sentative of the summer season (b)

 

Fig. 6  Trends of temperature (TA) and humidity (RH) for January 3rd, 2010 (a) and (b), and for July 14th, 2010 (c) and (d); LR refers to the living 
room, K to the kitchen, BR1 and BR2 to the two bedrooms, B1 and B2 to the two bathrooms

 

1 3



V. Ballerini et al.

The trend of the efficiency of PV panels shows that cli-
mate change has caused a slight decline, likely due to rising 
external air temperatures, which reduce the effectiveness of 
electricity generation (from 11.35% in 1970 to 11.25% in 
2023).

Figures 9(a) and 9(b) show the annual thermal energy 
supplied by the heat pump to the hot and cold tanks, respec-
tively, and the yearly energy from these tanks to the build-
ing through the air handling unit and fan-coils, respectively. 
In both cases analyzed, the demand for thermal energy 
for heating shows a declining trend, while the demand for 
cooling exhibits an increasing trend. The obtained results 
are consistent with those expected for efficient residential 
buildings currently constructed in Southern Europe, thus 
validating the outcome of the present dynamic simulation. 
Specifically, the heating energy demand (EPH) over the 
simulation horizon from 2000 onwards ranges between 27.8 
and 33.3 kWh/(m²·year), while the cooling energy demand 
(EPC) lies between 17.8 and 23.3 kWh/(m²·year).

In Fig. 10(a), the Annual Performance Factor (APF) val-
ues for the heat pump are shown, together with the gross 
efficiency of the PV system, eta_FV. The APF of the heat 
pump is calculated as the ratio of the sum of the sound 
thermal energy provided to the hot and cold thermal tanks 
divided by the electrical energy consumed. The gross effi-
ciency of the PV system is determined by the ratio of the 

but the heat pump: fans, humidifier, pumps, control, and 
management of the PV system (inverter + control). At the 
same time, the heat pump is the main consumer with the 
most variable electrical yearly energy demand. In Fig. 8(b), 
the total electricity consumption of the building + system 
and the gross electricity production from PV are displayed 
along with their respective approximation lines.

Focusing on the analysis of the last 50 years, we observe 
an increase in the electrical energy required by the building 
to meet the needs for heating, cooling, domestic hot water, 
and powering lights and equipment. However, the electrical 
energy produced by the PV panels has also increased, as 
shown in Fig. 8(b).

Moreover, it can be observed that both consumption and 
PV production exhibit an upward trend. Specifically, focus-
ing on the linear approximation from 1970 to 2023, the 
gross electrical energy produced by PV has increased from 
about 7090 kWh in 1970 to 7560 kWh in 2023, marking 
an increase of 6.7%. Similarly, the same increase in electri-
cal energy required by the building rose 2.3%, from 6310 
kWh to 6460 kWh (Fig.  8(a)). The breakdown of electri-
cal energy consumption by usage category indicates that 
the heat pump has the most variable annual consumption. 
In contrast, the system’s consumption has remained similar 
over the 54 years of simulation (falling within the 916–951 
kWh range, with an average of 937 kWh).

Fig. 9  Trends of annual thermal 
energy delivered from the heat 
pump to the hot tank (ET_HP) 
and to the cold tank (EC_HP) (a); 
trends of energy supplied from the 
hot tank (ET_BUI) and cold tank to 
the building (EC_BUI) (b)

 

Fig. 8  Trends of electricity demand 
for the heat pump (EE_HP), for 
the system (EE_SYS), and the 
equipment and lights (EE_EQUIP) 
(a); yearly electricity demand 
(EE_TOT) and gross production 
from PV (EE_FV)
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5  Conclusions

This work presents a dynamic analysis focusing on the 
effects of climate change on a building’s energy demand. 
The study examines the behavior of a building coupled with 
a PV panel system located in Milan, Northern Italy. The 
building’s energy demand and PV production, as well as the 
performance parameters of the heat pump, were analyzed to 
obtain annual values. The climatic data covers over 50 years 
and comes from the Openmeteo historical dataset (Openme-
teo), incorporating actual measurements and forecast data. 
The main findings of this study are as follows:

	● The experimental long-term climate data analysis shows 
that significant impacts on external air temperature, hu-
midity, and irradiation occurred at the considered lo-
cation: from 1970 to 2023, the temperature in Milan 
increased by 2.8 K, from 11 °C in 1970 to 13.8 °C in 
2023. At the same time, the average annual humidity 
decreased from 76% in 1970 to about 71% in 2023; re-
garding solar irradiation, there was a decrease in diffuse 
energy but a 7.9% increase in total horizontal irradiation 
(from 1310 kWh/(m2 y) to 1414 kWh/(m2 y)).

	● The effects of climate change do not significantly influ-
ence the APF of the multifunctional heat pump used for 
heating, cooling, and DHW production. However, cli-
mate change leads to a slight decrease in the efficiency 
of PV panels, likely due to an increase in external air 
temperature, which reduces the efficiency of electric 
energy generation (from 11.35% in 1970 to 11.25% in 
2023).

gross electrical power produced by the PV system divided 
by the annual energy incident on the panel. The figure shows 
that the APF has remained virtually constant throughout the 
analysis period, while the efficiency of the PV system has 
decreased. In Fig. 10(b), trends of yearly net energy demand 
from the grid and annual overall electricity demand are 
reported, displaying an increase in the total electrical energy 
required and a decrease in the net needed electrical energy 
from the electrical grid. Indeed, this analysis highlights a 
decreasing trend in the difference between the yearly electri-
cal energy drawn from and supplied to the grid.

Figure 10(a) shows that the Annual Performance Factor 
(APF) remains essentially unchanged, indicating that this 
parameter is minimally affected by seasonal influences (an 
aspect previously investigated by the authors with similar 
results (Ballerini et al. 2022), thus further validating the 
outcome of the present dynamic simulation). However, 
the efficiency of the PV panels decreases with the progres-
sion of the simulation year; this is partly attributable to the 
reduced efficiency of PV panels as the external air tempera-
ture rises. Nevertheless, this aspect does not preclude the 
overall increase in solar energy capture, as the electrical 
energy from PV shows a growing trend over the 54 years 
of simulation. Lastly, from Fig. 10(b), a decreasing trend in 
net electricity demand from the grid is observed as the years 
progress: the average net electrical demand dropped from 
2170 kWh in 1970 to 1990 kWh in 2023 (−9.2%); thus, the 
net energy balance required by the building from the grid is 
lower on average in the later years of simulation compared 
to the initial years.

Fig. 10  Trends of the annual heat pump’s performance factor APF and the PV panels’ efficiency (a); trends of yearly net energy demand from the 
grid and annual overall electricity demand (b)
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Appendix A

In this appendix, details about the building considered are 
reported. The chosen residential building for dynamic anal-
ysis is a detached house with a 90 m² floor area. The layout 
of this house is shown in Fig. 11(a), while Fig. 11(b) pres-
ents a 3D model of the building as prepared using Google 
SketchUp (Trimble Inc., 2015) and then imported into TRN-
SYS and modelled employing type 56 (Klein et al. 2010). 
All rooms have a ceiling height of 3 m. The floor areas are 
distributed as follows: the living room (LR) has a floor area 
of 30 m², the two bathrooms (B1 and B2) each have a usable 
area of 8 m², the two bedrooms (BR1 and BR2) are 16 m² 
each, and the kitchen (K) has a usable area of 12 m². The 
floor plan shows that the kitchen and living room are located 
to the south, while the bedrooms are situated to the north 
and west. Figure 11(b) also includes the dimensions of the 
windows.

Table 1 presents the main characteristics of the building 
envelope components. It is noted that the external struc-
tures are primarily made from natural materials (pine wood, 
wood strips, OSB panels, and wood fiber insulation). The 
thermal transmittance of the opaque components facing 
the exterior is relatively low: 0.176 W/(m²K) for the floor, 
0.198  W/(m²K) for the roof, and 0.205  W/(m²K) for the 
external walls. Wood fiber insulation was chosen because 
it is a natural material, and to enhance the overall thermal 
capacity of the envelope components. The windows are 
triple-glazed (4–12–4–12–4  mm) low-emittance, with the 
cavities filled with krypton gas, having a transmittance of 
0.68 W/(m²K) and a g-value of 0.61. Those facing south, 
east, and west are additionally shielded by a fixed external 
overhang (simulated in TRNSYS using Type 34) that is 
0.5 m long to reduce solar radiation on summer days and 

	● An overall increase in electrical energy demand for 
buildings and systems is observed, with an increase in 
electricity of 2.3%, from 6310 kWh to 6460 kWh.

	● Over the 54 years (1970–2023), the increase in PV pro-
duction is 6.7%, from about 7090 kWh in 1970 to 7560 
kWh in 2023.

	● Overall, the net energy demand of the building, coupled 
with the multifunctional heat pump and the extensive 
PV panel system, results in a 9.2% reduction in net elec-
trical energy required from the electrical grid, from 2170 
kWh in 1970 to 1990 kWh. The net energy demand from 
the grid of the considered system has decreased, yet at 
the same time, the electrical energy demand of the sys-
tem has increased over the years.

This overview of climate data from approximately the past 
50 years shows significant variations in climate meteoro-
logical conditions. It should also set the stage for anticipat-
ing future environmental challenges and preparing adaptive 
strategies to mitigate the impact of climate change. This 
highlights the importance of designing and integrating future 
energy systems, which, in intermediate climates like Milan, 
must pay particular attention to mitigating summer thermal 
loads, compared to many years ago, when winter loads were 
a primary concern. Future developments of this work will 
include the analysis of performance and the effects of cli-
mate change on other buildings in different climates, and 
the consideration of various types of panels, such as PVT. 
Indeed, future building designs will yield different regula-
tory standards and approaches in mild climates than in cold 
ones. Moreover, for mild climates, i.e., in the framework 
of design criteria more oriented to summer loads instead 
of winter ones, the ground source heat pumps will play an 
increasing role to provide renewable energy from the soil 
with an energy compensation between the two seasons.

Fig. 11  Layout of the building (a) 
and 3D view (b)
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The storages are maintained at the set point (which is 
45 °C for the hot storage and 7 °C for the cold storage) by a 
multifunctional air-to-water heat pump (Fig. 12(c)), which 
can operate for both heating and cooling simultaneously.

This heat pump, whose performance maps are shown in 
Fig. 13 (heating thermal power of 7 kW and a COP of 2.65 
at rated conditions, i.e., cold source of 7 °C and hot source 
of 45 °C), has been modeled using interpolators (type 581b) 
that can determine the thermal power deliverable to the hot 
and cold tanks, the COP, and the EER based on the inverter’s 
frequency (defined by two PID controllers), the temperature 
of the cold source, and the temperature of the hot source. All 
the data reported in Fig. 13 are given for different inverter 
frequencies, namely 18, 23, 41, and 90 Hz; “PTH” is the 
thermal power given to the hot source, while “PTC” is the 
thermal power taken from the cold source. According to 
the Italian standards, the heating HP power was determined 
with an outside design temperature of -5 °C and an internal 
design temperature of 20 °C during the winter season, while 
in summer, the design external temperature is 35 °C with an 
internal value of 26 °C and 55% of relative humidity. Figs. 
13(b) and (d) highlight a slight reduction of COP values 

glare while still allowing part of the solar radiation to enter 
during the winter period.

Appendix B

In this appendix, details regarding the modeling of the 
HVAC and PV systems are reported, together with a deep-
ening of control.

The details of the modeling of the whole HVAC plant of 
the building are reported in Fig.12.

The HVAC system serving the building consists of two 
main parts: one part is an air handling unit designed to main-
tain adequate humidity for the presence of people (latent 
load control) and also aims to ensure the necessary air 
exchanges to maintain adequate Indoor Air Quality (IAQ) 
and prevent Sick Building Syndrome (SBS). The sensible 
heating and cooling are managed by fan coils positioned 
within the areas to be heated. A simplified diagram of the 
air handling unit and the fan coils is presented in Fig. 12(a).

Envelope 
component

Layer Thickness 
(m)

Conductivity (W/
(mK))

Density (kg/
m3)

Thermal 
capacity 
(kJ/(kg 
K))

External wall 
(total thickness 
0.360 m, U-value 
0.205 W/(m2K))

internal plaster 0.015 0.870 1800 4.0
pine wood 0.120 0.130 500 1.6
wood fiber insulant 0.120 0.038 160 2.1
pine wood 0.070 0.130 500 1.6
fibrocement board 0.020 0.400 1400 1.0
external plaster 0.015 0.870 1800 1.0

Roof 
(total thickness 
0.315 m, U-value 
0.198 W/(m2K))

internal plaster 0.015 0.870 1800 1.0
OSB1 panel 0.020 0.130 700 1.7
wood strips 0.050 0.139 700 1.7
OSB panel 0.015 0.130 700 1.7
wood fiber insulant 0.150 0.038 160 2.1
waterproof membrane 0.005 0.277 800 0.5
OSB panel 0.030 0.130 700 1.7
fibrocement tiles 0.030 0.583 1300 1.0

Ground floor 
(total thickness 
0.460 m, U-value 
0.176 W/(m2K))

parquet 0.025 0.130 650 1.7
concrete screed 0.100 1.530 2200 1.0
XPS2 insulant 0.180 0.035 35 1.5
waterproof membrane 0.005 0.277 800 0.5
sand and gravel 0.150 1.801 1800 0.8

Internal walls 
(total thickness 
0.110 m, U-value 
0.572 W/(m2K))

internal plaster 0.015 0.870 1800 1.0
OSB panel 0.015 0.130 700 1.7
wood fiber insulant 0.05 0.038 160 2.1
OSB panel 0.015 0.130 700 1.7
internal plaster 0.015 0.870 1800 1.0

Table 1  Building envelope com-
ponents characteristics

1 Oriented Strand Board
2 Extruded Polystyrene
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Fig. 12  Scheme of the handling 
unit (a); scheme of the fan-coil 
units (b); scheme of the heat pump 
coupled to hot tank, cold tank, and 
outdoor heat exchanger (c)
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frequency will be that given by the maximum between the 
PID signal of the hot tank and the cold tank (the frequency 
range of the heat pump inverter varies from a minimum of 
18  Hz to a maximum of 90  Hz, which is also the higher 
indicated in Fig. 13 from the performance maps). Finally, it 
is observed that the temperature entering the heat pump is 
that of the outside air mixed with the recovery air from the 
building through the recuperator to improve the machine’s 
performance indices and exploit the thermal energy that was 
not recovered with the heat recuperator.

(mainly in the range from 0 °C to 10 °C) due to defrosting 
by the evaporator. The type considered includes a controller 
efficiency of 0.78 and an inverter efficiency of 0.96 with an 
inverter output capacity of 3 kW

Notably, the multifunctional heat pump has four differ-
ent operating modes, depending on the thermal demand, 
and reported in Table 2 and in Fig. 14: it is noted that in 
the combined operation for the production of both hot and 
cold water, the temperatures of the two sources between 
which the heat pump will work are the temperatures of the 
water outlet from the two thermal tanks and the operating 

Table 2  The working mode of the multifunctional heat pump; tHOT and tCOLD are the temperatures at the hot and cold side entering the heat pump, 
while text, tTANK, H, tTANK, C are the external air temperature, the water temperature from the hot and from the cold tank, respectively
Mode Period Heating demand Cooling demand tHOT (°C) tCOLD (°C) Inverter frequency signal
1 Only Winter ✓ ✘ tTANK, H text PID heating
2 Summer

(no DHW request)
✘ ✓ text tTANK, C PID cooling

3 Off (All year round) ✘ ✘ - - -
4 Summer

(DHW request)
✓ ✓ tTANK, H tTANK, C Maximum between PID heating and cooling

Fig. 13  Heat pump performance 
map for a water supply tempera-
ture of 40 °C (a) and (b), and for a 
water supply temperature of 50 °C 
(c) and (d)
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Table 3  Minimum and maximum airflow rates for the rooms
Room Minimum

airflow (kg/h)
Maximum airflow (kg/h)

Living (LR) 52 180
Kitchen (K) 14 150
Bedroom 1 (BR1) 28 100
Bedroom 2 (BR2) 28 100
Bathroom 1 (B1) 28 75
Bathroom 2 (B2) 28 75
TOTAL 178 680

Fig. 15  Scheme of the electric 
system, including the busbar, the 
FV panels, and the battery 

 

Fig. 14  Working mode of the heat 
pump, as reported in Table 2. Mode 
3 (heat pump off) is not reported 
for brevity 

 

Focusing on the Air Handling Unit, according to standard 
BS EN 16798-1:2019 (British Standards Institution 2019), 
minimum air renewal rates for the dilution of pollutants 
have been established and listed in Table 3 for each room.

In addition to the heat pump, the air handling unit, the 
emission terminals, and the thermal storage tanks, the build-
ing features rooftop photovoltaic (PV) panels that partially 
meet the building’s electrical power needs. These panels are 
coupled with a storage battery having a capacity of 15 kWh, 
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