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ARTICLE INFO ABSTRACT
Keywords: The challenge of achieving a significant reduction in greenhouse gas emissions within a short timeframe ne-
Greenhouse gas emission (GHG) cessitates extensive renovations of the existing building stock to meet the target of zero-emission buildings (ZEB).

Zero emission building (ZEB)
Local climate zone (LCZ)
Building dynamic simulation

This study explores the feasibility of such renovations through building-plant system simulations for typical
urban forms found in Southern Europe, classified using the Local Climate Zones (LCZ) method. Envelope ret-
Heat pump rofitting, combined with the use of electric heat pumps, allows for substantial reductions in energy demand while
PV system eliminating the use of fossil fuels. Renewable energy generated by rooftop photovoltaic systems can cover up to
Positive energy building (PEB) 96% of electric demand in the best case scenarios. However, results indicate that fully eliminating the need for
electricity imports from the grid is unfeasible. Consequently, the more attainable goal of achieving a Positive
Energy Building (PEB) status is investigated. In this context, a new definition of PEB is introduced, balancing the
exported PV energy exclusively against the non-renewable portion of imported energy. Even when this PEB
condition is met on an annual basis, it is not consistently sustained on a monthly level. The study concludes that
achieving a monthly PEB target requires not only building-specific interventions but also an increased share of
renewable energy supplied by the grid.

nearby. Member states were tasked with establishing technical specifi-
cations for NZEB standards, which became mandatory for new private
buildings after 2020, and for public buildings from 2018 onwards.

The most recent EPBD recast, published in May 2024 [7], advances
beyond the NZEB concept, placing a stronger emphasis on reducing GHG
emissions associated with fossil fuel-based energy production. The ul-
timate goal is the decarbonization of the European building stock by
2050. This target is to be achieved incrementally, with a 55 % reduction
in GHG emissions by 2030 compared to 1990 levels [8]. Given that
approximately 75 % of existing buildings in the EU do not meet current
energy standards [7], it is clear that the EPBD’s scope must extend
beyond new construction to include the renovation of existing buildings.
Member states must transpose the directive into national legislation by
May 2026 and develop plans to ensure that both public and private
buildings, residential and non-residential, are renovated to achieve zero-
emission standards [9].

To attain zero-emission buildings, the first step involves reducing
energy demand. Typical measures include building retrofits, installing

1. Introduction
1.1. Background and context

A significant portion of greenhouse gas (GHG) emissions, the pri-
mary driver of climate change, arises from the high energy consumption
of the building sector [1,2]. Specifically, in European Union countries,
this share accounts for approximately 40 % of total energy demand [3].
In response, the European Parliament has implemented various di-
rectives aimed at improving energy efficiency in buildings [4,5]. These
regulations encompass energy certification requirements and the
establishment of minimum energy performance standards. The 2010
recast of the Energy Performance of Buildings Directive (EPBD) [6]
introduced the concept of nearly Zero Energy Buildings (NZEBs),
defined as buildings with very high energy performance, where the low
or nearly zero energy demand should be covered predominantly by
energy from renewable sources, including energy produced on-site or

Abbreviations: ASHP, air source heat pump; DHW, domestic hot water; EPBD, Energy Performance of Buildings Directive; ESEER, European Seasonal Energy
Efficiency Ratio; EXP, PV energy exported; GHG, greenhouse gas emission; GWHP, ground water heat pump; HP, heat pump; HVAC, heating ventilation and air
conditioning systems; LCZ, local climatic zone; NRDEL, non-renewable quota of the electric energy delivered from the grid; NZEB, near zero energy building; PEB,
positive energy building; PVSPB, photovoltaic simple payback; WUDAPT, World Urban Database and Access Portal Tools; ZEB, zero emission building.
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Nomenclature

NC normalized capacity Pg/Prom ()

NR capacity ratio P/Pg (—)

CcopP coefficient of performance in heating mode (—)

EER energy efficiency ratio in cooling mode (—)

P actual capacity of the heat pump (kW)

Py full load heat pump capacity (kW)

Prom nominal heat pump capacity (kW)

PLF part load factor (—)

%PV percentage quota of produced PV energy used by the
building

%F percentage quota of the building demand covered by PV
energy

%PEB percentage PEB index

photovoltaic (PV) systems on rooftops, and integrating electric heat
pumps (HPs), which reduce a building’s demand to mostly electrical
energy, offsettable by self-produced PV electricity [10,11]. Thus, this
option was always considered in this study. The introduction of electric
HPs can reduce a building’s energy demand to only electrical energy,
which can be partially offset by self-produced PV electricity [12-15].
Consequently, buildings become “prosumers,” i.e., producers and con-
sumers, with their performance determined by the balance between
energy production and consumption. In this context, a building’s clas-
sification can be based on the concept of a Positive Energy Building
(PEB), which refers to a building that generates more energy than it
consumes.

1.2. Positive energy buildings (PEBs) and their role

PEBs represent an evolution in sustainable architecture, focusing not
only on energy self-sufficiency but also on active contributions to energy
systems. Unlike traditional approaches where energy-efficient buildings
simply aim to minimize consumption, PEBs encompass a broader scope,
often producing more energy than they use. This concept stems from the
evolution of NZEBs and has gained significant attention in both research
and European Union policy development [16-21].

PEB definitions in the literature vary, but generally emphasize an
energy balance where renewable energy production exceeds consump-
tion, often within a defined timeframe and physical boundary. These
definitions often categorize PEBs based on factors such as the type of
energy generated, its use for heating, cooling, ventilation, lighting, and
other demands, as well as the dynamics of energy export and import
[22,23].

Key interpretations include:

e A PEB produces more energy on-site than it consumes, covering all
primary energy demands of the building [24]

e The net-positive balance signifies that the energy exported to the grid
surpasses energy imported [25].

e PEBs may involve exporting surplus energy to other buildings or the
grid, thus supporting local energy systems [18].

e An energy-efficient building with high self-consumption and flexi-
bility can be considered a PEB [26].

The general criterion for a PEB is that it produces more energy than it
consumes, feeding renewable energy to the grid.

However, a more accurate and precise approach, aimed at environ-
mental decarbonization, must focus on eliminating the non-renewable
energy share required by the building. A building’s carbon footprint
can be classified by assessing its contribution to GHG emissions, which
stem from the use of non-renewable energy. Various PEB definitions
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exist in the literature, most do not distinguish between renewable and
non-renewable energy in the energy balance. For most buildings, the
electricity produced onsite comes from PV systems, making it renewable
energy. On the other hand, grid electricity is composed of both non-
renewable sources (e.g., thermal or nuclear power plants) and renew-
able sources (e.g., solar, wind, geothermal, biomass, and hydropower).
In this perspective, the PEB should not merely balance energy flows but
aim to eliminate non-renewable energy dependency. A novel definition
thus emerges: a PEB is one where renewable energy exported exceeds
any non-renewable energy imported, thereby minimizing carbon
footprint.

The chosen metric for weighting and comparing energy carriers in
building energy demand and production is pivotal in assessing PEBs. All
energy balance items should be converted using the same metric. The
two most relevant metrics are final energy and primary energy [23]:

e Final Energy is directly measurable and more transparent for end-
users, providing a straightforward view of energy used without ac-
counting for conversion losses.

Primary Energy accounts for upstream impacts of energy carriers,
making it essential for decarbonization-focused policies. The EPBD
promotes primary energy metrics, as they better reflect environ-
mental impacts [27-29].

For this study, primary energy was used as the metric.

The timeframe for assessing a building’s energy balance can signif-
icantly influence PEB qualification. Annual balances are common for
both NZEB and PEB criteria, aligning with regulatory norms [30-33].
However, adopting monthly balances may more accurately reflect en-
ergy production-consumption dynamics, particularly in climates with
significant seasonal variation. A monthly analysis approach, alongside
the annual balance, can also capture the variability in renewable energy
generation and demand throughout the year [19]. For this reason, this
study incorporates both annual and monthly balances. In both cases, the
results are derived from an hourly assessment of the balance between
renewable energy exported to the grid and the non-renewable energy
supplied by the grid.

1.3. Influencing factors: Retrofitting, building types, electrified heating
and climate

Attaining PEB status requires a substantial reduction in energy de-
mand, which can be achieved through several strategies [34].

1. Demand Reduction in Heating and Cooling: Reducing energy de-
mand through building envelope improvements, such as enhanced
insulation, is a primary step in minimizing heating and cooling
needs. This is especially crucial for buildings in colder climates,
where heating demand is higher [35,36].

2. Energy-Efficient Equipment and Low-Energy Technologies: The
installation of high-performance appliances and systems is essential
for energy conservation. Advances in low-energy systems can
significantly reduce operational energy needs.

3. Integration of Renewable Technologies and Electrified Systems:
Incorporating renewable energy sources, such as PV systems, is
central to PEBs [37]. Electrified systems, particularly those based on
heat pumps, offer efficient heating and cooling while minimizing
environmental impacts [38-41].

To generalize the outcomes, this study employed typical retrofit in-
terventions based on all three listed strategies.

A building’s energy demand is, also, strongly influenced by its form
and the characteristics of the surrounding urban area [23,24]. Structural
features, geometry, and opportunities for integrating energy systems
vary significantly and are critical factors in determining the feasibility of
achieving PEB status To generalize these complexities, urban areas can
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be systematically classified using the Local Climate Zones (LCZ)
framework [25]. LCZs offer a standardized classification system to
describe the physical and thermal properties of both urban and rural
environments. For this reason, in this study, starting from an existing
building, various building forms were identified through a comprehen-
sive classification of the most common urban contexts using the LCZ
methodology.

Also, climate significantly impacts PEB performance, influencing
both heating/cooling demand and renewable generation capacity.
Regional climate variations are a critical consideration in designing and
retrofitting PEBs, affecting energy consumption and on-site renewable
generation. In this study, the ASHRAE climate zone classification [42]
was employed to generalize simulation findings, facilitating the
extrapolation of results to other regions [43,44].

1.4. Study objectives

This study presents a novel approach using the LCZ methodology to
classify buildings and evaluate their potential to achieve ZEB or PEB
status. The analysis focused on retrofitted buildings, employing high-
efficiency HPs and maximizing rooftop PV systems. The study was
conducted using annual dynamic simulations on an hourly basis in
EnergyPlus [45]. These simulations provided hourly values for heating,
cooling, and other electric demands (e.g., appliances, lighting). Ener-
gyPlus also modelled PV production, providing hourly values of PV
output. Using these data, a quasi-steady-state calculation procedure
based on a spreadsheet model was developed to calculate the hourly
performance of the HP and, consequently, the total electric demand of
the building, as well as the behaviour of the PV system, which was
coupled with an electric storage model incorporated into this procedure.
The study highlighted the importance of optimizing electric storage
system sizes for each scenario, as fluctuations in energy demand and PV
production significantly affect battery efficiency. The proposed new PEB
approach was analysed on an annual balance basis and coupled with a
monthly balance evaluation. In both cases, results were derived from the
hourly balance between the renewable energy exported and the non-
renewable energy supplied by the grid operator. A new %PEB index
was proposed to quantify the effectiveness of the implemented solutions.

A key strength of this study lies in the detailed analyses tailored to
Southern Europe’s specific climatic, construction, and energy charac-
teristics. By rigorously modelling these variables, the study provides an
in-depth examination of building energy performance under conditions
that are highly relevant to this region. Such specificity is invaluable in
developing targeted strategies and best practices for improving energy
performance in climates and infrastructures similar to those of Southern
Europe. Future research could expand upon this study by examining
diverse climate, regional construction practices, standard and energy
infrastructure, thereby enhancing the applicability of these insights to a
broader array of contexts.
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2. Materials and methods
2.1. The building

In Treviso, a real building located in the city center has been
considered as the base for the following analyses. In Fig. 1a, a picture of
the building is shown. This is a typical structure that served as a refer-
ence for its dimensions, urban context, availability of surfaces for
photovoltaic installation, and shading conditions. This building has 7
floors, with the ground floor used for commercial activities and the other
6 floors occupied by residential units. Specifically, there are 4 dwellings
per floor. Each floor has an area of 345.5 m?, and the total height of the
building is 21 m. The original building lacks thermal insulation in the
building envelope and is equipped with outdated heating systems. The
objective of our study is to explore how to further reduce non-renewable
energy dependence from the grid in a retrofitted building, where energy
demand has already been minimized through typical retrofit actions.
These initial retrofit actions included a thermal coat for the external
walls, the addition of an insulation layer under the roof tiles, and the
installation of more thermally efficient windows. Additionally, a smart
artificial lighting system with illuminance level control through sensors
is foreseen. In summer, solar screens for the windows will be in opera-
tion during air conditioning hours. Achieving a high level of thermal
insulation is required by national regulations [46].

Therefore, after the retrofit, the maximum thermal transmittance
coefficients (U-values) allowed for the climate zone of Treviso (zone E,
2378 HDD) are not exceeded. Table 1 provides a description of the layers
(from inside to outside) of the main components of the building struc-
tures introduced into the building model, along with the final U-values.
The building is currently equipped with an old heating system, con-
sisting of a centralized thermal power station and radiators. The air

Table 1
Characteristics and simulation parameters of the building.
Heating set point 20
temp. (°C)
Cooling set point 26
temp. (°C)

7am-9pm* or 7am-7pm”
11lam-7am® or 9am-7pmP

Heating schedule (h)
Cooling schedule (h)

Occupancy(Pers/m?) 0.035" or 0.1 or®

Appliances gain (W/ 3% or 6°
m?)

Appliances gain 7am-10pm* or 8.30am-12.30pm® and 3.30 pm-7pm”
schedule

Air change rate 0.5 or 1°
(ACH)

Walls — U-value Plaster (1.5 cm), polyurethane (12 cm) brick (40 cm),
plaster (2 cm) — U = 0.22 W/m?K

Double — pane clear glass — U = 1.3 W/m?K — SHGC = 0.54
=)

Plaster (1.5 cm), concrete (20 cm), polyurethane (14 cm),
tiles (2 cm) — U = 0.20 W/m2K

Windows U-value

Roof U-value

2 referred to *dwellings, "commercial areas.

b)

Fig. 1. A picture (a) of the building and its model simulated (b).
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conditioning systems are limited to a small number of split units.
However, in Italy, there is a growing trend towards the widespread use
of air conditioning in buildings. For this reason, the application of a HP
system was considered for both heating and air conditioning throughout
the entire building, using fan-coils as terminal units. The hourly energy
loads of the building were simulated using EnergyPlus, with the model
developed in DesignBuilder [47], as shown in Fig. 1b. The main char-
acteristics and simulation parameters of the building are provided in
Table 1.

With reference to the LCZ classification of urban areas, the seven-
story building analyzed in this study was selected to represent an area
classified as LCZ 2 (compact midrise.). The fundamental parameters that
define each LCZ include building height and spacing, percentage of
permeable surfaces, tree density, and soil moisture [48]. Seventeen LCZ
types have been introduced, ten of which are related to urban canopy
characteristics, while the remaining seven are associated with land-
cover types. Most methods used to determine the appropriate LCZ for
an urban area rely on an automatic LCZ mapping procedure proposed by
[49] which has been adopted by the World Urban Database and Access
Portal Tools (WUDAPT) project to generate consistent LCZ maps for
entire cities [50,51]. However, the majority of the urban center is
characterized by three compact LCZ typologies: LCZ 1 (compact high-
rise), LCZ 2 (compact midrise), and LCZ 3 (compact lowrise) [25]. These
LCZs are the most common typology in the urban centers of many Eu-
ropean cities [52,53]. Special attention was given to evaluating the
impact of building height on their energy performance. To this end, the
height of the representative building was adjusted to create models
corresponding to the other two LCZ types, while all other parameters
were held constant. Reducing the building height to 3 stories reclassified
it as LCZ 3 (compact lowrise), whereas increasing it to 12 stories
reclassified it as LCZ 1 (compact highrise). This analysis was extended to
the cities of Rome and Palermo, which represent different ASHRAE
climate zones in southern Europe: Treviso (4A — Mixed Humid), Rome
(83A — Warm Humid), and Palermo (3B — Warm Dry [42]). The main
scenarios investigated are summarized in Table 2. All simulated sce-
narios used the retrofitted building as the baseline. To enhance the
precision of certain evaluations, simulations were conducted on build-
ings with heights ranging from 3 to 12 stories, always using the 7-story
building as a baseline.

2.2. The HP model

In this study, Ground Water Source Heat Pumps (GWHPs) are
investigated as an alternative to ASHPs, due to the stable and favourable

Table 2
The main scenarios investigated.

Scenario  City ASHRAE Number LCZ Heat
climate of floors classification pump
zone type

1 Treviso 4A (Mixed GWHP
Humid) 7 LCZ 2 (Compact

2 Rome 3A (Warm mid-rise) ASHP
Humid)

3 Palermo 3B (Warm GWHP
Dry)

4 Treviso 4A (Mixed ASHP
Humid) 3 LCZ 3 (Compact

5 Rome 3A (Warm low-rise) GWHP
Humid)

6 Palermo 3B (Warm ASHP
Dry)

7 Treviso 4A (Mixed GWHP
Humid) 12 LCZ 1 (Compact

8 Rome 3A (Warm high-rise) ASHP
Humid)

9 Palermo 3B (Warm GWHP

Dry)
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thermal properties of groundwater throughout the year. Treviso, located
in the resurgence zone of the Veneto region in northern Italy, serves as
the reference site due to its groundwater availability, facilitating GWHP
installation [54,55]. The performance of GWHPs was compared to that
of ASHPs, and this comparison was extended to the cities of Rome and
Palermo. For the comparison between the GWHP and the ASHP, two
similar machines are considered. The aim is to evaluate only the benefits
of using groundwater as an alternative to outside air as the cold source/
sink for the heat pump, avoiding other technical differences that could
influence the HP performance. Both heat pumps are centralized for each
building and are designed to fully provide heating in winter, cooling in
summer, and DHW production throughout the year. Each HP has a single
refrigerant circuit using R410A, with two equal scroll compressors
operating in tandem. Consequently, a two-stage on/off control modu-
lates the capacity in two steps: 50 % and 100 % of the full capacity.
Evaporators and condensers are stainless steel plate heat exchangers,
except in the ASHP where one exchanger is an air coil. For HP modeling,
the required parameters are the full capacity and the efficiency. The full
capacity (Pg) is the maximum thermal power supplied by the heat pump
in heating or cooling mode. In heating mode, the efficiency is defined as
the ratio between the heating power provided and the electrical power
consumed, known as the coefficient of performance (COP). In cooling
mode, this efficiency is the ratio between the cooling power provided
and the electrical power consumed, referred to as the energy efficiency
ratio (EER). These data, obtained through standard test methods [56],
are typically provided by manufacturers as a function of the thermal
levels of the external fluids exchanging heat at the condenser and
evaporator. Specifically, in this study, the data for the ASHP come from
[57] and those for the GWHP come from [58].

For the fan-coils selected as terminal units throughout the building,
the supply water temperature from the heat pumps is set at 45 °C for
heating and 7 °C for cooling. Once the temperature levels for heating
and cooling are fixed, the performance of the heat pumps can be
expressed as a function of the temperature of the external fluid
exchanging heat with the evaporator in heating mode or with the
condenser in cooling mode. This external fluid is the inlet well water for
the GWHP and the outside air for the ASHP.

Fig. 2a and 2b show the full load curves of the coefficient of per-
formance (COPfl) and energy efficiency ratio (EERfl) for ASHP and
GWHP in heating and cooling modes, respectively. For the ASHP,
outside air is moved by fans installed in the unit, while for the GWHP,
inlet water is supplied by a submersible pump installed in a well.
Therefore, the EER/COP of the ASHP already includes the electric power
consumption of the fan, while for the GWHP, the pumping electric
consumption is considered separately.

The corresponding normalized capacity (NC) is also reported in
Fig. 2a and 2b for heating and cooling modes, respectively. NC repre-
sents the capacity normalized with respect to the nominal value, i.e., it is
the ratio between the full capacity (Pg) and the nominal capacity (Pyom),
as shown in Eq. (1).

NC = Pg/Prom @

In heating mode, Py, refers to an outside air temperature of 7 °C with a
relative humidity of 90 % for the ASHP, and to an evaporator inlet water
temperature of 10 °C for the GWHP. In cooling mode, the nominal ca-
pacity refers to a temperature of 35 °C at the condenser inlet, for both
the GWHP water and the outside air in the ASHP. The introduction of NC
allows the data from Fig. 2 to be used in the HP model for different
nominal capacities, required by buildings of varying sizes. In fact, the
hourly thermal load of each building, calculated through EnergyPlus
simulations, determines the peak load during the year that must be met
by the HP. Consequently, technical specifications from manufacturers
indicate the appropriate HP size, and thus its Ppop.

During regular HP operation, the control system adjusts the actual
capacity to match the building’s load, which often results in part-load
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Fig. 2. COPyq or EERy and normalized capacity NC as a function of temperature at evaporator inlet in the heating mode (a) or at condenser inlet in the cooling mode

(b). PLF curve as a function of CR (c).

conditions that can affect performance. To account for the impact of
part-load operation, a part-load factor (PLF) is calculated to correct the
full-load efficiency, as deduced from Fig. 2a and 2b [59-61]. Fig. 2¢
illustrates the trend of the PLF as a function of the Capacity Ratio (CR),
defined as the ratio between the actual capacity and the maximum ca-
pacity the HP can deliver under identical operating temperatures.
Notably, since both GWHP and ASHP employ a similar multi-stage
control system, this curve is applicable to both types of heat pumps.

It is noteworthy that the PLF exceeds one across a broad range of CR
values, indicating that performance is enhanced under part-load con-
ditions compared to full-load operation. This phenomenon arises
because, with two compressors operating in the same refrigerant circuit,
the evaporator and condenser are oversized when functioning at part-
load compared to their performance at full load. The PLF trend is
derived from part-load performance data at 25 %, 50 %, 75 %, and 100
% of the maximum capacity provided by the manufacturer. These data
points, obtained from standard laboratory tests [62], were utilized by
the manufacturer to calculate seasonal performance indices, including
the European Seasonal Energy Efficiency Ratio (ESEER) [63]. Addi-
tionally, this data can be employed to determine the corresponding PLF
[64] and to interpolate the PLF curves between the four measured
points. For CR values below 25 %, the interpolation is replaced by a
simplified algorithm recommended by EN 14825 for a single-stage
on-off control [62].

For DHW production, the installation of a suitably sized DHW stor-
age tank is considered for each building. During the time interval allo-
cated for reloading this storage, the HP is entirely dedicated to this
operation, generating hot water at 50 °C. Consequently, the COP specific
to DHW production is calculated using the manufacturer’s
specifications.

The HP model employs a quasi-steady-state calculation procedure
that utilizes a spreadsheet-style model applied to each building. At each
hourly time step, the required HP capacity equals the building load P, as
calculated by EnergyPlus. In heating mode, the COPg and the NC are
represented in Fig. 2a as functions of the outdoor air temperature for
ASHPs, or the inlet water temperature for GWHPs. From NC the Py,
permits to calculate the HP actual full capacity Py by Eq. (2) and
consequently also the CR by Eq. (3).

Py = PoomNC ()]

CR =P/Py 3)

Fig. 2c provides the PLF necessary to obtain the actual COP by eq.

.
COP = COP¢ PLF (C))

The electricity consumption of the HP is defined as the ratio of the actual
capacity P to the simultaneous COP. The seasonal average COP is
derived from the ratio of the heating energy supplied during winter to
the corresponding electricity consumption over the same period. In
cooling mode, the calculation procedure mirrors that of the heating
mode, with the substitution of building cooling loads and HP perfor-
mance data from Fig. 2b. For DHW production, the annual average COP
is calculated as the ratio of the total annual DHW requirements met to
the corresponding electricity consumption, employing a procedure akin
to that used for building heating.

2.3. The PV system

To simulate PV production on the roof, we considered PV collectors
characterized by high efficiency. Specifically, we referenced a type of
panel equipped with mono-crystalline cells currently available on the
market [65]. The principal characteristics of these panels are summa-
rized in Table 3.

At an hourly time step, the performance of the PV system was
simulated using the EnergyPlus PV model, which is based on the one-
diode model [66,67]. In this model, the cell temperature is calculated
using a dynamic approach developed by Ulleberg [68]. The equivalent
one-diode model is a widely adopted method for simulating and
analyzing the performance of PV modules. This model approximates the
electrical characteristics of a PV cell by integrating an ideal diode, a
current source representing the photocurrent generated by sunlight, a
series resistance that accounts for internal resistive losses, and a parallel
(shunt) resistance that captures leakage currents. The Ulleberg dynamic

Table 3

Principal data of the PV module.
Nominal Power 400 W
Nominal panel efficiency 22.6 %
Rated Voltage (Vmpp) 65.8 V
Rated Current (Impp) 6.08 A
Open-circuit Voltage (Voc) 75.6 V
Short-circuit Current (Isc) 6.58 A

Solar cells
Module surface

104 Mono-crystalline
1.046x1.690 = 1.758 m?
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simulation technique decouples electrical and thermal behaviors,
allowing for a more accurate prediction of cell temperature. In this
approach, the current cell temperature depends on the previous cell
temperature and the thermal capacity of the PV module material. This
method enables precise performance predictions of PV systems under
varying irradiance and temperature conditions.

For each roof pitch, the PV production of an array was simulated
using climatic data. While the number of installed modules can increase,
particularly for larger pitches, their maximum number is ultimately
constrained by the dimensions of the specific module type selected from
the market. By reducing the size of individual modules, a greater roof
area can be covered by the PV array. In other words, the total PV area
that can be installed on a pitch depends on the model of the chosen
module. To generalize the results regarding potential PV production, a
theoretical limit condition was assumed, wherein the PV array covers
the entire pitch area. This approach allows for the calculation of the
maximum possible PV production for the considered roof. To determine
the unitary PV production, the energy output of a simulated PV array
was normalized by the surface area of the installed modules, providing a
standardized production value per square meter. In detail, the simula-
tion results for an array of 20 modules (35.16 mz) were analyzed to
derive the corresponding unit values for incident solar radiation and PV
production per square meter for each pitch. The efficiency is defined as
the ratio between PV production and solar radiation. The PV production
for each pitch is calculated by multiplying the pitch area by the corre-
sponding unitary PV production. Finally, the total PV production for the
roof is obtained by summing the PV production across all pitches. These
values are reported in Table 4 for each pitch and for the entire roof on an
annual basis for the three considered localities. Notably, this PV pro-
duction remains constant for all buildings with different numbers of
floors simulated within the same city.

The possibility of incorporating electric storage through batteries
was also considered. To simulate battery performance, a model was
developed based on the characteristics of a typical lithium-ion battery
pack available on the market [69]. In this case, a single pack can provide
usable energy of 13.5 kWh, with a maximum charge or discharge power
of 5 kW and a round-trip efficiency of 90 %. Instead of considering the
installation of multiple packs, the model assumes the ability to contin-
uously vary the total usable capacity of the storage. However, the ratio
between the total effective maximum real power for charging or dis-
charging and the total usable energy remains constant at 5/13.5%0.37.

At each time step, the PV production not immediately consumed by
the building charges the storage, with any surplus being exported to the
grid. If PV production does not meet the building’s demand, the battery
discharges as much energy as possible, with the remaining demand
supplied by the grid. The electric storage model operates on an hourly
time step, balancing the electric energy initially present in storage with
the electric flux of charge or discharge. This model calculates the new
final electricity level accumulated, accounting for round-trip efficiency
and the maximum power that can be exchanged.

For each building and locality, the size of the electric storage was
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optimized through a cost-benefit analysis. A cost of €480 per kWh was
assumed for the batteries, reflecting the current price of the selected
pack[70]. The primary benefit derives from the reduction in the amount
of electricity purchased from the grid due to the presence of electric
storage, compared to the same scenario without storage in the PV sys-
tem. The corresponding economic benefit was calculated using a grid
electricity cost of €0.26 per kWh, which is an average value for EU
countries in 2024 [71].

Additionally, the exported PV production must be considered; this
quota decreases as more PV energy is utilized on-site. Various methods
and prices for selling exported electricity exist in Europe. In Italy, a
dedicated withdrawal system is anticipated due to the elimination of on-
site exchanges in the near future. Here, surplus PV energy is credited to
the producer’s account by GSE [72], the public energy services operator
in Italy, with an assumed average purchase price of €0.10 per kWh [73].
Tax incentives for solar systems must also be factored into the annual
benefit, as 50 % of their cost can be deducted over ten years. This tax
reduction applies to the cost of electric batteries as well. In recent years,
we have observed a significant reduction in the costs of energy storage
systems, particularly lithium-ion batteries, whose prices have decreased
by approximately 90 % from 2010 to 2023 [74]. However, the wide-
spread adoption of electrical storage in photovoltaic systems still re-
quires strong support policies. Many countries have introduced
economic incentives, such as tax credits and subsidies for stored energy.
These measures have proven essential for overcoming initial financial
barriers, making storage systems accessible to a growing number of
users and less dependent on upfront costs [75,76]. In this study, to size
the electric storage, a payback period of 10 years was considered
acceptable for the investment, which aligns with the typical warranty
period offered by producers.

While discounted payback (DPB) analysis is generally the preferred
method for such evaluations, the high variability of costs, prices, infla-
tion, and discount rates anticipated over the next decade complicates
these assumptions. Although DPB analysis may appear precise, it is often
imprecise in practice. Therefore, a simple payback (SPB) analysis was
deemed more realistic. The adoption of the simpler SPB method, which
disregards the temporal penalty between the initial investment and
subsequent returns, tends to yield a greater storage outcome compared
to what can be achieved with the DPB method. Given the difficulty in
accurately quantifying indices with the DPB method, the results from
SPB therefore provide a precautionary margin. Moreover, this research
is focused on investigating the building’s maximum achievable perfor-
mance, and thus the electric storage optimized through SPB can be
considered the upper economic limit. As shown in the following Fig. 6,
the storage optimized with SPB is also consistent with the stabilization of
photovoltaic performance, which generally occurs beyond a certain
storage capacity.

In this approach, the payback period is calculated as the ratio of the
storage cost to the annual economic benefit. Consequently, the SPB
method was used in this study to size the electric storage for each
building across the three localities.

Table 4
Annual performances of the PV roof.
Roof pitch 1 NW - 163.3 m? 2 SE - 164.7 m? 3 SW - 55.9 m? 4 NE - 58.8 m?
Orientation — Area
Treviso Rome Palermo Treviso Rome Palermo Treviso Rome Palermo Treviso Rome Palermo
Incident radiation 997.7 1166.1 1324.8 1166.2 1349.7 1546.4 1163.9 1347.2 1544.0 996.9 1165.2 1323.5
(kWh/m? year)
PV production 167.1 209.1 266.6 222.4 272.4 345.9 221.4 271.2 344.9 167.0 209.1 266.2
(kWh/m? year)
Efficiency 16.7 17.9 20.1 19.1 20.2 22.4 19.0 20.1 22.3 16.8 17.9 20.1
(%)
Total PV production of the roof (kWh/m? year)( 1 +2+ 3+ 4)
Treviso 86106.1
Rome 106467.9
Palermo 135438.9
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3. Results and discussion
3.1. Electrical demand of the buildings

The dynamic simulation of the buildings allows for the calculation of
thermal loads and, consequently, the annual thermal energy re-
quirements for heating, cooling, and DHW production. These results are
illustrated in Fig. 3 for the three LCZ buildings across the three locations.
Additionally, Fig. 3 reports the annual electrical demand for various
uses, including lighting and appliances. As expected, for buildings of the
same size, the heating requirement decreases while the cooling
requirement increases from the North to the South of Italy. However, the
DHW demand remains constant across the locations. The most signifi-
cant climate-related variation is observed in the heating requirement,
with considerably higher values recorded in Treviso.

Despite the fact that the electrical demand for various uses is not
directly comparable to thermal requirements, it plays a significant role
in the total energy balance of a building. For buildings of the same size, a
slight variation can be observed across different cities, primarily due to
the use of lighting sensors. Overall, this electrical demand aligns with
expectations. Specifically, for a single dwelling unit, the average annual
consumption is 1890 kWh/year, closely matching the value of 1912
kWh/year provided by statistical analyses for Italy [71].

In Fig. 4a, the annual COPs and EERs for all LCZ buildings in the
three locations are reported. A notable improvement in efficiency is
evident with the use of GWHP instead of ASHP, both for heating, cool-
ing, and DHW production. The resulting annual electrical energy savings
of the GWHP compared to the ASHP are expressed as percentages in
Fig. 4b, for buildings with 3 to 12 floors in the three cities. Each city
exhibits modest fluctuations in savings due to varying load profiles of
the buildings. In Palermo, savings range from 15.8 % to 17.5 %, in Rome
from 16.7 % to 18.8 %, and in Treviso from 21.8 % to 23.4 %. The
highest energy savings are observed in Treviso, primarily due to the
performance during winter. In fact, the higher heating demand in Tre-
viso allows for maximizing the benefits of the GWHP, due to the com-
bination of two positive effects: the improved temperature level at the
evaporator inlet and the higher PLF. The use of GWHP leads to signifi-
cant energy savings when compared to the annual electricity demand of
heat pumps. However, due to the relatively high share of other electrical
consumptions (such as lighting and appliances), the advantage of GWHP
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over ASHP has a limited impact on the overall distribution of the total
electricity demand of the buildings.

This observation is clearly illustrated in Fig. 5, which displays the
percentage distribution of the total electricity demand between the HP
demand share and the share related to other electrical consumptions
within the building. The data are presented for the three LCZ buildings
and locations, comparing the use of ASHP and GWHP. The switch to
GWHP from ASHP only slightly reduces the HP electricity demand as a
proportion of the total electricity demand. Specifically, when consid-
ering the total electricity consumption of each building with an ASHP,
the energy savings achieved by using a GWHP range between 3.7 %
(Palermo, LCZ 1) and 8.4 % (Treviso, LCZ 3).

3.2. The influence of the electricity storage

The initial step involves optimizing the battery capacity, determined
based on a financial analysis using the calculation of the SPB period,
which must not exceed ten years. This optimization was performed for
all buildings ranging from 3 to 12 floors across the three localities.

The results of the optimization process are presented in Fig. 6 for the
case of the GWHP system. In Fig. 6, the percentage share (%PV) of the
produced PV energy used in the building and the percentage fraction (%
F) of the total building electricity demand covered by PV are plotted as
functions of battery capacity for various building sizes in the three lo-
cations. The optimized battery capacities are highlighted with a larger
red symbol for each building size.

In the case of no battery storage, Fig. 6 shows the %PV and %F values
corresponding to the immediate use of PV energy in each building. The
integration of electricity storage increases both %PV and %F, but these
improvements tend to stabilize after reaching certain battery capacity
thresholds, particularly in buildings with fewer floors.

In buildings with lower electricity demand, the %F is already high
with minimal battery capacity. In such cases, further increases in ca-
pacity offer diminishing returns, as %F remains low during periods of
modest PV production. As the building size and consequently electricity
demand grow, the PV system struggles more to meet the demand, and
increasing the battery capacity allows for a higher share of the demand
to be met. However, this effect is again limited, as the remaining demand
typically occurs during periods of low solar radiation. Thus, economic
optimization places a cap on the benefits of increasing battery capacity.

Lighting + Appliances

Building Demand

[ ] [ |
LCz3 LCZ1 LCZ2 LCZ3 LCzZ1
Rome Palermo

Fig. 3. Annual thermal requirements for heating, cooling, and domestic hot water (DHW) production for the three LCZ buildings in the three cities. The electric

demand for lighting and appliances is also reported.
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Fig. 4. Annual COP and EER for the LCZ buildings with ASHP and GWHP in the three studied cities a). Electric energy savings by GWHP compared to ASHP for
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m% Ele HP
100 -

%
9 -
80
70
mé
50 -
40
30
2

10 -

0 -

% Ele no HP tot

- 76.4
- 23.6

LCZ2 LCZ3 LCZ1 LCZ2 LCZ3 LCZ1 LCZ2 LCZ3 LCZ1 LCZ2 LCZ3 LCZ1 LCZ2 LCZ3 LCZ1 LCZ2 LCZ3 LCZ1

Rome Palermo

ASHP

Treviso

Rome Palermo

GWHP

Treviso

Fig. 5. Percentage distribution of the total annual electricity demand between the HP quota (%Ele HP) and the quota relative to the other consumptions (%Ele no
HP) for the three LCZ buildings and locations with the presence of ASHP or GWHP.

In Treviso, the optimized battery capacity ranges from 40 kWh for a 3-
floor building to 120 kWh for a 12-floor building. In Rome, the range
extends from 55 kWh to 165 kWh, and in Palermo from 65 kWh to 210
kWh. As expected, the increase in PV production from Treviso to
Palermo allows for better utilization of electric storage. However, the
final optimized battery capacity is strongly determined by the building’s
electricity demand.

The optimization was also conducted for the case of ASHP systems.
Due to the minimal variation in total electricity demand, the optimized
battery capacities for buildings with ASHPs are the same as those for
GWHPs.

3.3. Calculation of the non-renewable energy provided by the grid

Since the annual fraction of %F is always less than one, the analysis

reveals that the PV system is unable to meet the total electricity demand
in any of the buildings across the three localities. As a result, all build-
ings require a portion of their electricity to be supplied by the grid.
Simultaneously, not all of the PV production is used on-site, and the
surplus is exported to the grid. These findings are summarized in Fig. 7
for the two types of HPs (ASHP and GWHP).

Fig. 7 presents a comparison between %PV and %F obtained with
ASHPs and GWHPs across the three LCZ buildings in different localities.
The slight reduction in overall electricity demand due to the use of
GWHP leads to a decrease in the local utilization of PV-generated en-
ergy, but it also increases the share of the building’s total demand met by
PV energy. Specifically, the percentage decrease in %PV ranges from 1.2
% (Treviso LCZ 1) to 4.8 % (Palermo LCZ 3), while the percentage in-
crease in %F ranges from 0.3 % (Palermo LCZ 3) to 7.2 % (Treviso LCZ
1). Therefore, although GWHPs contribute to energy savings in the total
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electricity consumption of the buildings, they do not significantly
enhance the on-site use of PV energy. Note that, in the best-case sce-
nario, in Palermo with the LCZ 3 building, a %F exceeding 96 % is
achieved with both heat pumps, although it does not reach 100 %. This
occurs despite the significant availability of photovoltaic energy, with %
PV ranging between 17.8 % and 18.7 %.

To generalize the results, following the EPBD directive, primary
energy consumptions per unit surface area are calculated. For the con-
version of electricity delivered by the public grid into primary energy,
the official Italian conversion factor [77], set at 2.42, is used. This factor
represents the sum of the conversion factors for the non-renewable
portion (1.95) and the renewable portion (0.47) of energy produced
by RES. Therefore, a final conversion factor of 1.95 is applied to
calculate the non-renewable primary energy corresponding to the
delivered electricity.

For buildings ranging from 3 to 12 floors, the annual non-renewable
primary energy delivered by the grid, normalized by the building’s unit
area, is presented in Fig. 8a for both ASHP and GWHP solutions. Since
the PV production remains constant across all buildings in a given city,
the increasing total electric demand causes the specific delivered quota
to rise. In these cases, the import of non-renewable energy cannot be
reduced to zero, even for the smaller buildings, due to the limitations
imposed by the available roof area for the PV system. The specific
delivered energy ranges from 1.6 kWh/m2-yr (GWHP, 3-storey building
in Palermo) to 38.3 kWh/m2-yr (ASHP, 12-storey building in Treviso).
This analysis highlights the dependence of non-renewable energy con-
sumption on building size and locality, despite the integration of PV
systems. One possibility to improve the energy balance is to connect the
buildings to a district heating network powered by renewable fuels, such
as biomass or biogas. In this scenario, heating and domestic hot water
(DHW) production are directly supplied by the heat from the network.
During the summer months, the cooling energy required for air condi-
tioning can be generated using local absorption chillers that utilize the
heating network. This approach allows for the theoretical potential to
achieve zero electrical consumption for heating, cooling, and DHW
production.

In this case, a significant reduction in the electricity demand of the
buildings can be realized. Fig. 8b illustrates the non-renewable primary
energy delivered by the grid when excluding the demand for heating,
cooling, and DHW production. As a result, the electricity storages are
recalibrated based on this new, reduced electrical demand. This strategy
not only enhances the overall energy efficiency of the buildings but also
promotes the use of renewable energy sources, contributing to a more
sustainable urban energy system.

With respect to Fig. 8a, the minimum value of non-renewable pri-
mary energy delivered by the grid decreases by 68.7 %, resulting in a
new minimum of 0.5 kWh/m?yr for the 3-storey building in Palermo.
Similarly, the maximum value is reduced by 51.2 %, now standing at
18.7 kWh/m?2yr for the 12-storey building in Treviso.

—4—ASHP-Treviso
GWHP-Treviso

—4<ASHP-Roma
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When comparing these results to those in Fig. 8a, the reduction in
non-renewable primary energy requirements is indeed significant.
However, it is important to note that this strategy does not completely
eliminate the need for non-renewable electricity from the grid. Despite
the improvements, a portion of the electricity demand remains reliant
on non-renewable sources, highlighting the ongoing challenge of
achieving full energy independence in building operations.

3.4. The PEB verification

Another important aspect is the comparison between the renewable
PV energy exported (EXP) from the building and the non-renewable
quota (NRDEL) of the electric energy delivered from the grid. NRDEL
was obtained through simulations that consider, on an hourly basis, the
non-renewable energy supplied by the grid as the residual share, relative
to the hourly renewable share provided by the grid. This data is provided
by the grid operator, Terna, for the entire Italian network. The hourly
renewable share profile used for the simulation corresponds to data from
2023 [78].

If the difference between EXP and NRDEL is greater than zero, the
building can be defined as a PEB according to the new PEB definition
proposed in this study. Naturally, this comparison can be done at
different time scales: daily, monthly, or annually. To better represent
this condition, a new index is introduced in this paper, named the per-
centage PEB index (%PEB). This index is defined as:

%PEB = 100 & ;B2 - ().

Therefore, %PEB is the percentage ratio between EXP and the sum of
EXP and the NRDEL quota. This %PEB can vary between 0 % and 100 %.
If the exported and delivered quotas are equal, the %PEB is 50 %. Above
50 %, the building is a PEB, as the exported quota is greater than the
non-renewable delivered quota. If %PEB is lower than 50 %, the
building is not a PEB, as the exported quota is lower than the delivered
one.

In Fig. 9a, the %PEB is reported on an annual basis for all building
sizes in the three climatic conditions, starting from 0 %. The length of
each histogram represents the numerical distance between each %PEB
value and 50 %, which indicates the parity condition between imported
and exported quotas. On an annual basis, all buildings up to 9 floors are
PEBs. Beyond 9 floors, the increase in demand progressively reduces the
number of PEBs, first in Treviso, and then also in Rome for 12-floor
ASHP buildings. All buildings in Palermo are PEBs. Overall, the major-
ity of the studied buildings appear to be PEBs on an annual basis,
although this assessment changes significantly when we analyze electric
energy exchanges with the grid on a monthly basis.

In Fig. 9b, 9c, and 9d, %PEB is reported on a monthly basis for the
three LCZ buildings and the three localities, respectively. In these cases,
we consistently observe significant energy exports during the summer,
and the %PEB index often reaches 100 %, especially for low-rise

—&—Treviso
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Non-renewable primary energy consumption
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3 4 5 6 7 8 9 10 11 12
Number of floors

b)

Fig. 8. Specific annual non-renewable primary energy requirement (kWh/m?yr) of the analyzed buildings (a) and of the buildings without heating, cooling, and

DHW demand (b).
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buildings. However, the situation is quite different in winter. In Treviso,
the analyzed buildings are generally not PEBs, and their monthly %PEB
is close to zero. The only exceptions are in March and October, when the
two LCZ 3 buildings are PEBs. In Rome, the PEBs are the same as in
Treviso, with the addition of the LCZ 3 buildings in February. Notably, in
Palermo, none of the buildings are PEBs in December, and their %PEB
index is close to zero. LCZ 1 and LCZ 2 buildings are not PEBs between
November and February.

In conclusion, we observe that high %PEB values and the availability
of PV energy for export are concentrated in the more favorable seasons
and are limited during the winter months. Even buildings with signifi-
cant annual %PEB values require non-renewable electric energy from
the grid in amounts greater than their exported quota during the coldest
months. In brief, these buildings can supply PV energy to the grid during
months generally characterized by abundant national PV production,
while remaining primarily consumers of grid electricity during months
with lower PV production. It is clear that the behavior of a PEB must be
analyzed at least on a monthly level. It is important to highlight that the
share of renewable energy available on the grid is never sufficient to
counterbalance the negative impact on the %PEB caused by inadequate
local energy production. This underscores a critical weakness: the
limited availability of renewable energy on the grid during such periods.
Based on previous definitions of PEB, efforts are primarily focused on
reducing building energy demand and increasing the amount of
renewable energy produced locally. However, the introduction of a new
PEB definition has also highlighted the importance of reducing the non-
renewable share of energy imported from the grid. To meet the new PEB
standard, reducing this non-renewable share is now a priority over
reducing the total amount of imported energy.

A key forward-looking strategy must focus on strengthening renew-
able energy supply at the grid level. This entails expanding renewable
systems specifically for the public grid, with a focus on established
technologies like hydropower, wind, geothermal, large-scale photovol-
taics, and biomass. A balanced mix of these sources is essential to
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maintain stable energy production, even when some are less effective
due to seasonal or operational constraints.

Increased renewable production from energy communities, coordi-
nated through the grid, is also crucial. Introducing large-capacity elec-
trical storage will further support grid stability. Additionally, a pricing
structure favoring renewable energy use and storage can accelerate the
development of renewable energy grids.

4. Conclusion

Across various ASHRAE climate zones in southern Europe and for
different urban forms already retrofitted according to national stan-
dards, the study investigated the effects of high-efficiency HPs and the
extensive use of rooftop PV systems. The focus was on achieving either
zero non-renewable energy consumption or meeting the PEB condition.
The selection of GWHP over ASHP demonstrated potential energy sav-
ings of up to 8.4 % in comparison to ASHP electricity consumption. For
these retrofitted urban forms, the energy contribution of rooftop PV
systems was incorporated into hourly simulations. Firstly, the study
highlighted the importance of optimizing electric storage system sizes
for each case. The nominal power of the PV device alone is insufficient
for determining battery capacity. For the same PV system, the correct
capacity depends on the building’s electric demand characteristics and
actual PV production, which varies with climatic conditions, particu-
larly solar radiation availability. The variability in both demand and
production heavily influences battery performance. Therefore, annual
dynamic simulations of the integrated building-PV system’s perfor-
mance are crucial for obtaining accurate results. At least on an hourly
basis, the comparison between the electrical trends of demand and
production can determine the PV quotas utilized by the building or
exchanged with the battery or the public grid. This approach helps to
identify the energy advantage of the battery for each storage capacity.
Consequently, an economic cost-benefit analysis can be carried out. A
simple payback analysis can provide a clear indication for selecting the



L. Schibuola and C. Tambani

most appropriate battery capacity.

The study concluded that rooftop PV systems alone cannot fully
cover the electricity demand of the analyzed buildings. A portion of
electricity must still be supplied by the public grid. Retrofit in-
terventions to further improve the thermal performance of the building
envelope can reduce heating and cooling loads, but even significant
upgrades cannot entirely eliminate this reliance on the grid. Similarly,
connecting buildings to a district heating network, classified as a
renewable energy source (RES), can offset the thermal loads managed by
electric HPs, yet some electricity will still need to be drawn from the
grid. This finding emphasizes the importance of reducing electricity
consumption from appliances and lighting, an aspect often over-
shadowed by efforts to enhance building performance rather than
improve the efficiency of electric devices.

In conclusion, it is currently impossible for the LCZ types considered
in this study to achieve zero non-renewable energy consumption from
the grid on an annual basis. A more realistic goal is balancing the non-
renewable and renewable electricity flows entering and leaving the
building aligning with the new PEB definition. This analysis shows that,
in many cases, achieving PEB status on an annual basis is feasible.
However, even in these cases, monthly evaluations reveal the need for
grid electricity during less sunny months. Therefore, achieving PEB
status requires reducing the non-renewable quota delivered by the grid,
which can be accomplished by increasing public grid generation from
RES and integrating the studied buildings into renewable energy com-
munities (RECs). Finally, while some methodological choices may
appear limiting, they were adopted to ensure that the results were as
accurate and context-specific as possible. The study accounted for the
specific climatic, technological, and economic conditions, providing
realistic findings and avoiding excessive generalizations. This rigorous
approach offers a solid foundation for addressing the challenges
explored and can be adapted for future studies across other geographic
areas with different parameters.
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