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ARTICLE INFO ABSTRACT
Keywords: The objective of the paper is a comprehensive energy and material rarity analysis of a representative example of
Building energy transition household shifted to fully electric utilities, supported by uncommon combination of photovoltaic and wind re-
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newables, complemented by battery storage. The manuscript provides figures of optimal battery storage sizing,
complementarity of PV and wind resource and material rarity impact assessment, in a combined manner un-
available in literature. The approach and the considered example are generalizable to the wide category of single
households and/or accommodation facilities in suburban areas, the countryside, the mountains and holiday
resorts.

The manuscript analyses the dynamic behaviour of a moderately refurbished single-family household located
in a country/suburban area of central Italy, grid-connected and fully electrified through a heat pump combined
with Photovoltaics, Wind Turbine (PV/WT), and a Battery Energy Storage System (BESS). A dynamic model
based on 12 representative monthly days was developed to evaluate the seasonal thermal and electrical
behaviour of the building. It was validated against measured PV/BESS data from an existing case study, char-
acterized by its overall pre-/post-refurbishment transmittance U. To avoid costly and invasive masonry in-
terventions, the existing high-temperature heaters were preserved, and a high-temperature Heat Pump (HP) was
adopted. The seasonal simulations enabled the optimization of the Battery Ratio (BR), defined as the BESS-to-
(PV+WT) size ratio, to maximize the renewable fraction (Fr). Depending on the configuration, Fr ranged between
58.5 % and 65.6 % without WT, and increased up to 76.4-87.9 % with WT. The daily deficit associated with a PV
string anomaly was quantified at 1-4 kWh under clear-sky summer conditions.

Finally, an element rarity (TR) assessment was carried out for HP, PV, WT, and BESS as a complement to
standard sustainability metrics. The analysis highlighted a TR impact of 68.2 GJ for WT, 36 GJ for PV, and 21.3
MJ for HP, while a 7 kWh BESS reached 36.6 GJ, largely driven by cobalt (79.2 %).

This study provides a comprehensive example of household energy transition, combining moderate and cost-
effective refurbishment strategies with an uncommon PV/WT integration, relying on data from a real case study.
It also introduces material rarity as an additional sustainability indicator, with the aim of supporting more
balanced design choices in the residential energy sector.

efficiency potential [2]. In recent years, enhancing building energy ef-
ficiency has become increasingly relevant to achieving both short-term
(2030) and long-term (2050) emission reduction targets [3]. To sup-
port this transition, most EU countries have introduced a range of
incentive schemes, from conventional subsidies, tax benefits, and loans
to more innovative mechanisms such as property tax reductions, on-bill
financing, green mortgages, and energy efficiency feed-in tariffs [3].
Regulatory frameworks play a decisive role in shaping household in-
vestment choices, thereby influencing actual energy savings and CO;

1. Introduction

The residential sector shares about 22 % of Total Final Consumption
(TFC) of primary energy at global level, contributing to about 2 Gt CO»
emissions per year. Within the EU27, this share rises to almost 25 %,
corresponding to 303 Mt COy per year [1]. The Paris Agreement
(COP21) set a global roadmap to mitigate climate change, recognizing
the building stock as a crucial sector due to its significant untapped
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Nomenclature

Acronyms/Subscripts

BESS Batteries Energy Storage System
BL Baseload

BOS Balance Of System

cop Coefficient Of Performance

DHW Domestic Hot Water

HP Heat Pump

HC Heating Cooling

MPP Maximum Power Point
NOCT Nominal Operating Cell temperature
oC Open Circuit

PV Photovoltaic

SC Short Circuit

SOC battery State Of Charge [%]
STC Standard Test Conditions
TR Thermodynamic Rarity

WT Wind Turbine

i Hourly values

day daily values

Symbols

A Surface Area [m?]

Osc coefficient of Short Circuit temperature [%/°C]
BR Batteries/(PV+WT) size ratio [h]

Bvoc coefficient of Short Circuit temperature [%/°C]
E Generated Electricity (PV, WT, BESS) [kWh]
Epattery  Battery nominal size [kWh]

ELgiq Electricity consumption from grid [kWh]

] Efficiency [%]

Fr Renewable Fraction

Gr Solar radiation on tilted surface [W/m?]

I Current [A]

T temperature [C]

U Overall heat transfer coefficient [W/(m? K)]

v Voltage [V]

w Power [W]

mitigation outcomes [4].

The shift to electric utilities integrated with PV is, nowadays, among
the most common ways in building energy transition. Several authors
have addressed these issues, focusing on topics such as the role of de-
mand profiles in the design of photovoltaic systems [5]; the integration
of heat pumps, solar thermal, photovoltaic, and battery storage for
residential applications [6]; the optimization of photovoltaic-battery
system performance [7]; and the evolution of energy demand during the
transition from gas heating to heat pumps [8]. Although the integration
of heating and cooling systems compliant with European standards is
relatively straightforward in new buildings, retrofitting existing ones
remains more challenging and often economically unfeasible, even with
public incentives.

A typical case is floor heating, widely recommended when adopting
low-temperature heat pumps, which require low supply temperatures to
achieve high seasonal COP values. However, with conventional air-to-
water heat pumps, existing radiators are often undersized, and
replacement with larger low-temperature floor heating systems is
required to meet winter heating demand. Such interventions are usually
invasive, involving extensive masonry works, and therefore neither cost-
effective nor easy to implement. Moreover, system performance strongly
depends on building type and flooring conditions. Vadiee et al. (2020)
[9], in a comparison between radiator and floor heating systems in a
single-family house, showed that building efficiency and construction
type significantly affect heat demand and transmission losses. Their
findings suggest that maintaining existing radiators, combined with
modest refurbishments and/or the adoption of high-temperature heat
pumps, often represents the most practical and affordable option.

The present work deals with the implementation of the heat pump in
traditional heating systems with high-temperature radiators, assisted by
a newly installed ducted fan coil unit into a moderately refurbished
single-family household. The fan coil unit, where possible, with a simple
lowering of the ceiling allows the heat pump to be used for summer
cooling as well. This heating/cooling system, is suitably supplemented
by a photovoltaic plant (PV) and a Wind Turbine (WT), working in
synergy, combined with Battery Energy Storage System (BESS) sized in
relation to the size of the PV and WT in such a way as to maximise the
fraction of the electrical load of the utilities covered by the PV + WT +
BESS system.

Several gaps emerge from the literature, which this work aims to
address. The first concerns the limited attention given to family house-
holds, which typically have configurations that allow for substantial
integration of renewable energy sources, such as PV and WT. Some

statistical analyses confirm the relevance of this building category:
within the EU in 2023, 51.7 % of the population lived in houses, while
47.7 % lived in flats. Houses, including terraced ones, are most common
in two-thirds of EU countries, with shares varying by country and urban
vs. rural setting. In Italy, about 41.2 % of people lived in independent or
semi-independent households [10]. These homes are generally larger
and more energy-consuming than flats. Therefore, upgrading their
heating/cooling systems and integrating renewables can significantly
support the building energy transition. Additionally, single-family
homes typically have larger rooftop areas per occupant for PV
installation.

Despite their relevance and the interest in energy transition, these
buildings are only marginally covered in the scientific literature on
energy efficiency measures. Case studies with measured data and
modeling are also rare and they are as follow. Mulleriyawage and Shen
(2020) [11] analyzed the optimal sizing of a battery-PV system for a
household in Victoria, Australia. Chhugani et al. (2023) [12] compared
different heating systems for a single-family home, focusing on PVT and
heat pump systems. Baraskar et al. (2023) [7] evaluated a controlled PV-
HP-battery system in a single-family household in Germany, suitable for
integration into a smart grid. Terry and Galvin (2023) [8] examined
changes in heat demand and energy consumption in households tran-
sitioning from gas boilers to heat pumps, referring to a UK household.
Olympios et al. (2022) [13] proposed operational optimization of an air-
source heat pump system for space heating and domestic hot water in a
single-family dwelling, developing comprehensive thermal network
models for both a standard configuration and an advanced setup with
phase-change material thermal storage.

The second gap evident in the literature is that while considerable
attention is given to resources such as PV systems and batteries, the
adoption of small WT is seldom addressed due to legal, aesthetic, and
social barriers. This issue becomes particularly relevant for single-
family, suburban, or rural homes, as well as tourist resorts, which
often have sufficient outdoor space to accommodate small WT. In 2006,
Hessami [14] proposed the design of a hybrid wind and solar energy
supply system for a rural residential building with PV coupled to a 2.5
kW wind turbine. In 2015, Gonzalez et al. [15] presented an optimiza-
tion methodology for minimum life cycle cost of a grid connected Hybrid
PV, wind and biomass power. In 2017, Hajdidj et al. [16] evaluated an
optimized system for producing electricity from one or two renewable
energy (like solar and wind) in a low wind potential site for autonomous
dwellings. In 2018, Giallanza et al. [17] proposed the sizing of a stand-
alone hybrid PV/WT/BESS system applied to a Sicilian case study. In
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2019, Ramirez Camargo et al [18] analysed the potential of hybrid
renewable energy systems for self-sufficient residential use in Germany
and the Czech Republic. In 2020, Rehman et al. [19] analysed an
optimal hybrid power system based on wind, solar, diesel, and battery
backup, capable of addressing the load requirements of an Indian
village. Drozd and Kowalik, in 2021 [20] presented a technical com-
parison of PV and a wind farm for powering a residential single-family
building. In 2021, Nguyen and Bostrom [21] proposed a multi-
objective optimization of a hybrid wind/solar battery energy system in
the Arctic region of Tromsg, Norway.

The third gap is that the literature rarely considers the impact of
critical materials in the energy performance and environmental assess-
ment of buildings retrofitted with renewable energy systems, like PV and
wind turbines, supported by BESS. The shift of buildings towards fully
electric utilities supported by variable renewable energy (VRE) and
battery energy storage systems (BESS) relies heavily on technologies
containing critical materials. Batteries, in particular, involve elements
with high environmental and energy impacts, and some are sourced
from scarce natural resources, potentially affecting the sustainability of
these solutions. McManus (2012) [22] assessed the energy, material, and
greenhouse gas impacts of various battery types, while Grandell et al.
(2016) [23] identified the most critical elements for future clean energy
technologies e.g. silver, tellurium, indium, dysprosium, lanthanum, co-
balt, platinum, and ruthenium. More recently, Huber and Steininger
(2022) [24] highlighted social, economic, and conflict-related issues
associated with tin (PV panels), rare earth elements such as praseo-
dymium, dysprosium, neodymium (wind turbine magnets), lithium, and
cobalt (Li-ion batteries). Specifically, there is a lack of studies evaluating
the rarity and sustainability implications of introducing these technol-
ogies in residential households, representing a clear gap covered by the
current research.

The main objective of this paper is to propose moderate yet afford-
able strategies for building energy transition, based on zero to moderate
refurbishment combined with a flexibly sized PV/WT/BESS system. This
approach allows different options to achieve significant renewable en-
ergy coverage of household loads. The analysis focuses on a single-
family home in a suburban or rural area of central Italy, with modest
but non-negligible wind resources. This study serves as a starting point
for generalization to a broader range of similar buildings, potentially
including small touristic structures. Here, a measure of drawbacks
related to the building’s energy transition in terms of impact on critical
elements is proposed by analysing the rarity introduced by the HP/PV/
WT/BESS equipment, which may be also useful in adjusting the sizing
and relative proportions of different possible renewables and BESS size.
This kind of assessment is not available in the literature referred to
building’s energy transition, where the improvements are generally
expressed in terms of reduction of energy consumption and carbon
footprint.

Summarizing, this paper explores at least four key aspects that are
either scarcely addressed in the scientific literature, highlighting both
the novelty of the study and its potential to give a significant contri-
bution to the field:

1. The analysis of a relevant category of households in Europe and
worldwide, subjected to a feasibly moderate level of refurbishment,
combined with PV/WT renewable energy and BESS in the framework
of operations for building energy transition.

2. The modelling validation against a real case study, representative of
the selected building category, which data are seldom available in
literature and afterwards become also useful to assess possible
working anomalies of the energy system.

3. Compared to more complex modelling and tools proposed in litera-
ture, this one is particularly suitable for educational purposes,
allowing a smooth yet effective interpretation of the physical reasons
behind the choice of moderate affordable choices in building
refurbishing.
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4. The addition and evaluation, to the traditional PV, of a suitable WT
in an area with modest wind resource to assess its contribution to the
renewable fraction used to cover the building electric loads.

5. The rarity assessment of the building energy transition, highlighting
the criticality of the main involved technological components like
HP, PV, WT, BESS as an important complement to the traditional
ones in defining the sustainability of the interventions, such as the
carbon footprint.

2. Methodology

This section is divided in three main sub sections. Section 2.1 is
dedicated to the dynamic modelling framework of the PV-wind-BESS
system coupled with building heating, cooling, and baseload, including
the calculation of building electric loads (Section 2.1.1), the simulation
of renewable generation and storage (Sections 2.1.2-2.1.3), and the
hourly control logic for battery operation (Section 2.1.4). Section 2.2
presents the representative case study, detailing the improvements of
refurbished building envelope, heat pump and PV-battery integration,
validated baseload profiles, and indoor setpoints for calculating the
dynamic hourly COP and electricity consumption. Finally, Section 2.3
introduces the Thermodynamic Rarity indicator, which assesses the
material scarcity of energy system components using an exergy-based
approach.

2.1. Dynamic model of PV/WIND/BESS/grid coupled to building utilities
and baseload

The main purpose of the developed model is realizing a not very
complex but effective tool for the dynamic simulation of the building —
heat pump/chilling — PV/WT/BESS grid connected system, suitable for
the analysis of energy needs and the sensitivity of the performance to the
BESS/PV-WT size ratio. The model is particularly suitable for single
family household’s category and suburban, countryside, seaside and
hill/mountain small touristic resorts. The model has an academic root,
originally developed for the course of Renewable Energy and subse-
quently evolved towards research features. It is structured to be easily
applicable to different household types and different buildings cate-
gories, also including industrial and service ones. The main constraint of
the model is the need of the system components’ data: building and its
heating/cooling devices, heat pump/chiller and PV/WT/BESS charac-
teristics. They often rely on manufacturers’ data, which are not always
reliable and require a certain degree of experience from the operator,
additionally to an accurate check. On the other hand, this approach
makes the simulation model open to get always improved data of
components as input, including those coming from experimental cam-
paigns or from more accurate models, thus keeping the calculations
open to updates and improvements. Finally, the seasonal dynamic based
on the average monthly representative day makes the model unsuitable
for implementation with weather forecast, load prediction, peakload
shaving and optimization of BESS charge/discharge time. The schematic
of the building/utility system served by PV/WT/BESS/GRID is sketched
on Fig. 1. The main components are the PV/WT renewable electricity
generation system, the inverter, the BESS, the electric load (including
baseload and HP) and the grid connection through the Grid exchange
meter.

2.1.1. Modelling building utilities to calculate the total electric load

The dynamic building load model is based on a monthly represen-
tative day, during which heating, cooling, and Domestic Hot Water
(DHW) demands are calculated. These are converted into electrical loads
using heat pump/chiller (HP) performance data and combined with the
baseload (BL) from appliances, lighting, and other utilities. The total
hourly electricity demand of the building is therefore the sum of HP
demand for space heating/cooling Whpyc, » the DHW Wepppw, and the BL
Wi, as reported in equation (1). The subscript “i” denotes the hourly
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Elettricity cabinet

Fig. 1. Schematic of the building/utility system equipped with PVWT/BESS and basic electricity loads.

values, defining the time dependence in all equations. While the for-
mulas themselves are not strictly dynamic, considering all hourly terms
together provides a dynamic profile of the system’s behaviour over time.

Wrormonthi = Whpye, + Whppaw, + WL 1)
The model is divided in two sections:

1. The first estimates the total dynamic electricity demand of household
utilities.

2. The second uses this demand as input to calculate the dynamic bal-
ance of the PV/WT/BESS/Grid system.

The schematic of the first part of the modelling code workflow for the
calculation of the hourly heat pump/chiller electric load (Wgp nci) is
shown on Fig. 2. This load depends on three data series:

1. Building data, based on the analysis of the building’s heating and
cooling demand, which depends on its geometry, architectural fea-
tures, and envelope characteristics. For modelling purposes, the
building is synthetically represented by the overall heat transfer
coefficient U expressed as the UA product, including air exchange,
where A is the total envelope surface area. It can be derived from the
building’s energy characterization. The data refer to a real case study
of a single-family house that has undergone moderate refurbishment

Calculation of

Building

monthly heat load
Output
Input F_Ii'ourly fnooth HP Electric Load
emperature
Data profiles Wi heating/cooling

Tout
diat

-R:ano:i:s I
ot
o

Fig. 2. Building/heaters/Heatpump system modelling code workflow.

Dynamic Analysis
Heating / Cooling

Heating / cooling
system

and has been converted to electric utilities integrated with PV and a
battery system. This case is described in detail in the following
chapter, which illustrates the application of this part of the model.

2. Daily hourly temperature profiles indoor (Tip ;) and outdoor (Tamp,i)-
Tamb,i seasonally defined by the average monthly representative day,
achieved from local meteorological station data. This representative
day is obtained from hourly averages of the available 15-minute data
collected across all days of the selected month.

3. Heating/cooling system data: depending on the characteristics of the
system and the outdoor conditions, the required temperature from
the heat pump/chiller is calculated.

On this basis, the hourly seasonal COP of the machine is determined
and, from the building heating/cooling load, the dynamic Wyp g is
calculated.

The terminal heaters and coolers of the building (e.g. radiators, fan
coils, floor heating) represent a pivotal part of the dynamic modelling,
determining the temperature required from the heat pump/chillers, the
related hourly COP and thus the electricity demand. Hydronic heaters
are considered here. The nominal heating power (size) is defined by the
heaters surface area, which is an input data to the model, retrieved from
radiators design data. As the analysis is referred to a building pre and
post moderate refurbishment, the existing heating system is considered
unchanged, thus characterized by the nominal installed size of the ra-
diators, referred to their nominal working conditions (Table 1).

The nominal heating power (Qnowm) is referred to ATyom. The heat
output of the hydronic radiators is calculated here with equations (2)
and (3) according EN 442 rule [25,26], largely adopted to standardize
the heating systems in the EU. Accordingly, the nominal heat emission is
determined in a room test with ATnoa. Under the actual conditions of

Table 1

Nominal characteristics of the household radiators heating system.
Parameter Amount Unit Description
Tinnom 75 °C nominal heaters water inlet Temperature
Toutnom 65 °C nominal heaters water outlet Temperature
Tp 20 °C Nominal temperature design
ATnom 50 °C difference between the average of Tyom and Tip
€ 1.33 — heaters characteristic exponent (radiators)
e 0.97 - Radiators heat transfer efficiency
g 0.98 - control system efficiency
np 0.97 - distribution efficiency
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use, the heat emission varies with this temperature difference, according
to the scheme in Fig. 3a.

AT; €
- =t 2
qi = qnom ( ATN0M> 2)
T+ T,
ATy = Ty — Ty = =222y ®)

AT; is the actual difference between the radiator mean temperature Tp;
and the indoor temperature Tip; under conditions different from the
nominal.

The heaters are generally designed for the most critical conditions,
and in a large fraction of heating season the required heating power to
maintain the indoor comfort temperature, as defined Tp, is significantly
lower than the design value. For this reason, to maximize the COP, the
heat pump operation mode is determined by the real hourly heating
demand, as evaluated in equation (4).

QHi =UeAe (TID - Tamb,i) (4)

In different seasons and times with variable Tqp, j, the heating load Q; is
variable, thus different Tj, ; are required. For this reason, the heat pump
can work at the minimum required temperature to match the building
heating demand Q;, thus maximizing the COP;. The minimum required
radiators inlet temperature Tj, i is determined, hour by hour, calculating
the required AT; from equation (2) to balance the heat demand with the
n installed radiators evaluated in equation (5).

Qui=negq; %)

Finally, equation (3) determines Tj, ;. The in/out radiators temperature
difference Ti  — Tout i is defined by the radiators design, generally 10 °C
as assumed here. This approach considers the building and the heating/
cooling system as a whole (single room), characterized by the overall
averaged transmittance U, which is enough to the main goal of this
work, not focused on a detailed assessment of the building. The calcu-
lation model also includes the hourly summer cooling load and, through
the COP of the reversed air/water heat pump, the related electricity
consumption. Here, a fan coils system with internal air/water heat
transfer units equipped with ducted air fans is considered and referred to
the schematic in Fig. 3b. These units may be used also in heating mode.
In summer cooling mode, the cooling water temperature into the fan coil
circuit is set within the 7 — 12 °C range.

Through the heat exchanger unit, the cooling power Qcfancoil is
transferred from the air to the water. As a result, a decrease in air
temperature and an increase in water temperature are achieved. This is
evaluated in equation (6) of the system in Fig. 3b.

QC.fanwil = maircp,airATair = mHZOCp.HZOATHZO (6)

Where m,;, is the fan coil air flowrate (characteristic of the machine
sized to match the building needs under the most critical operating
conditions), cpajr and cphoo are the air and water specific heats, ATy, is

Tair,

){% Hydraulic et A
connections -’————/ air grid

T & Water / air heat

To | 1111
Tio Radiator T
Twaterin
TOUt
a): heaters
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the air temperature drop through the heat exchanger unit and ATy is
the water temperature rise through the heat exchanger unit.

The seasonal summer cooling is referred to Italy, so typically from
May to September. The condition for activating the cooling is suitably
referred to UNI 10339 normative (AICARR, 2008) [26], considering
conventionally positive the heat flow from indoor to outdoor direction:
Tip i > 26 °C (UNI 10339) and Qc; < O.

Under these conditions, the balance between the cooling load and
the fan coil heat exchanger allows calculating the water flowrate and air
outlet temperature. With the outdoor temperature and the design water
range (7/12 °C), the COPg¢; and the cooling electricity demand are
determined.

The hourly Domestic Hot Water load (DHW) is estimated using UNI
9182 data for average demand and storage sizing (needed to keep COP
reasonable at 40-60 °C). The hourly demand is based on typical daily
profiles [27], and the required heat input Qpyw i is given by equation

.
Qpuw i = Mpuwi-CpH20"(Torw — Twi) @

where Tpyw is the required temperature of DHW and Ty; is the water
temperature inlet from waterworks, fixed or seasonally variable if
available.

Finally, to determine the hourly electricity demand of the heat pump
to supply the heating/cooling and DHW heat loads, the manufacturer’s
data of COP vs heating/cooling water temperature and environmental
temperature (COPpyw;i) are used in equations (8), (9) and (10).

Qui
WHP,,eaﬁ,@ = COPy; (€©)]
Qci
WHPC‘,DI,»,@ = COPg 9
_ Qouwi
WHPDHWL‘ - COPprwi (10)

2.1.2. Dynamic modelling of PV/wind/battery/grid system (PV/WT/
BESS/Grid)

The second part of the modelling code allows the dynamic analysis of
the PV/WT/BESS/Grid system shown in Fig. 1 to cover the above
calculated electric loads, which are taken as inputs. The schematic
flowchart of this part of the calculation model is shown in Fig. 4.
Coupling the local data of wind, solar radiation and temperature with
those of the PV/WT/BESS system, the code provides the daily dynamic
behaviour of produced electricity, self-consumption, battery State Of
Charge (SOC) and grid electricity exchange.

The objective is to analyse the hourly and seasonal behaviour of
renewable energy from PV and wind turbine in support of the household
electric load, while harmonizing BESS and PV/WT sizing with respect to
the available household roof and/or surrounding surface area. The
calculation model can also be used to optimize PV/BESS sizing, aiming
to maximize the solar fraction and/or minimize household electricity

Output

Ducted fan coil unit

o exchanger unit

Input )
i—‘air grid Q
a)

b) fan coil

Fig. 3. Schematic of heaters and fan coil in/out and room temperature difference.



C. Zuffi and D. Fiaschi
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Dynamic
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action
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Fig. 4. PV/WT/BESS/Grid system modelling code workflow.

costs. The calculation model, developed in the EES environment, re-
quires the following main input data

e Nominal installed PV capacity and PV panels manufacturer’s
data at Standard Test Conditions (STC) and the related coefficients.

o Batteries nominal size Epagery (capacity, kWh) and Dept of
Discharge (DOD).

e Balance Of System losses (BOS) including PV reflectivity,
mismatch, direct current losses, battery charge/discharge, inverter,
and panel soiling.

e Hourly solar radiation data and temperatures (total G; and beam
Gpi) in the 12 monthly average representative days on the horizontal
southern oriented plane for the selected location.

e Hourly total electric load in the 12 monthly average representative
days, from the model of dynamic building heating/chilling, DHW
and baseload outlined in the previous paragraph.

e Wind Turbine nominal size and characteristic curve.

2.1.3. Evaluation of solar and wind resource
The first step of the solar and wind resource assessment is the

{ifvw<3m/s=> Wyr =0 [W];

if v >3 m/s=>

Wyr = 12.16 — 13.41v,, + 5.78v,> + 1.23v,° + 0.14v,,* + 7.63x107%1,,° + 1.60x107*1,,° (W]
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acquisition of datasets from historical measurements, which may be
derived from measurements, as well as from suitable databases.

Regarding the solar resource, data were obtained from PVGIS [28],
the European platform which provides the hourly solar radiation (Gry).
For the wind resource, data were collected from OpenWeather [29], an
online platform providing forecasts and historical wind records. In this
work, data from an area in southern Tuscany, covering the period from
January 1st to December 31st, 2024, were used.

The calculation of the electricity production from the two sources
relies on different sets of equations. For the PV system, manufacturer
data are used, specifically the I-V curve and key parameters such as
panel peak power, equation (11). It should be noted that many param-
eters, including module efficiency (npy ;) and BOS efficiency (ngos), and
others vary with solar irradiance conditions. Therefore, the code eval-
uates these parameters on an hourly basis. The full set of equations
applied is reported in the Supplementary Materials.

}’] .
Wiy = Grie o5 e ’}B(;’g o Arorpy an

For the WT, a different approach was adopted. A statistical analysis of
the wind dataset was carried out to define the Weibull fitting curve for
each hour and month. The code then evaluates the expected value of
each distribution by weighting wind speed with its relative frequency,
thus constructing a theoretical available wind speed. Fig. 5 presents four
examples of the automatically generated expected average hourly values
of the wind distributions in four different representative seasonal
months, along with one representative Weibull distribution per each
month.

For the WT system, manufacturer data are used, specifically the
characteristic power curve of the selected commercial machine showed
in Fig. 6a (10 kW Ecolibri unit [30]). The turbine is 10 m high, with a
rotor diameter of about 5.7 m, operating with cut-in, rated, and cut-off
wind speeds of 3 m/s, 12 m/s, and 15 m/s, respectively. The WT power
output varies with wind speed and is obtained by interpolating the
characteristic curve, as expressed in equation (12), provided by the
manufacturer and reported in Fig. 6b.

12)

Weibull distribution

0.25
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&
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Fig. 5. Example of monthly data Weibull fit and daily representative wind elaborated data.
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Fig. 6. Ecolibri 10 kW wind turbine and characteristic curve [30].
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2.1.4. Evaluation of battery charge and discharge dynamic

The hourly control logic of the PV-WT-BESS-Grid-Electric Load
system is concisely illustrated in Fig. 7 and summarized below. It re-
volves around the three main conditions of battery State of Charge
(SOC), expressed in the model as the hourly battery energy content
(Battery[il); Epattery is the total battery capacity (kWh):

a) Battery partially charged;
b) Empty battery;
c¢) Full battery.

At every hour i of the selected monthly representative day, the
overall electricity load Loadg[i] is compared to the sum of PV and WT
production Wpy[i] + Wyr[i]. If this sum is sufficient, it directly feeds the
load; otherwise, the battery support Battery/[i] is called upon. Only if the
current PV + WT production plus the residual battery charge is insuf-
ficient to meet the electricity load the grid supplies the remaining de-
mand. In the case of excess PV and WT production, the surplus electricity
charges the battery until it is full, with any additional surplus being fed
back to the grid.

In the equations shown in the schematic, neh, Ngis and Niny represent
the BESS charge, discharge, and inverter efficiencies, respectively.

Since the calculation is based on the monthly representative day, the

PV - battery — grid system.

Table 2
Main daily energy balances of the grid connected pv/wt/bess system.
Equation Unit  Description
Loads, gqy = ZN Loadg; kWh  Total daily electric load
. =1 .
N . .
Epvaey = Zi:1 Wav; kWh  Total daily electricity from PV
N . .
Ewrday = ZH Wwri kWh  Total daily electricity from WT
N . - .
Elyiadey = Y ;1 ELgrias kWh  Total daily electricity from the grid
Fraoy = % Total daily renewable energy

Iw ©100% fraction

Loadg; dqy

logic assumes periodicity of the battery SOC at midnight: Battery Charge
[0] = Battery Charge[24]. Although, in reality, the SOC at midnight of
each day depends on the charge/discharge history of the previous day,
using the monthly representative day model, this assumption reasonably
approximates the daily periodicity when considering all the days of the
month. Furthermore, this approach is formally correct within the
framework of the monthly representative day model.

Finally, the relevant parameters of the overall daily energy balances
are calculated according to the equations reported in Table 2.

The battery charge/discharge efficiencies (1\ch, N4is) Were assumed at
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96 %, as suggested in Zou et al., 2022 [31]. In addition, the inverter
efficiency is also considered [32], and its modelling is reported in the
Supplementary Materials.

2.2. Application of dynamic modelling to a representative case study and
validation: building heating/chilling and baseload

The representative case study concerns a single-family house located
in central Italy, in Tuscany, on a site characterized by 2,237 Degree
Days. Originally built in 1990, the dwelling has recently undergone a
deep refurbishment (2022-2023) that transformed it into a fully electric
home, equipped with a reversible heat pump for both heating and
cooling, and supported by a hybrid photovoltaic-battery system, while
remaining connected to the national grid. The house extends over two
floors, and its main dimensional and energy characteristics, before and
after the renovation, are summarized in Table 3.

Two conditions have been examined. The first one represents the
dwelling in its original state, with a relatively high overall thermal
transmittance (U-A = 600 W/K), corresponding to an average U-value of
1.05 W/(m>K). The second represents the house after a moderate
refurbishment, which reduced the transmittance to 320 W/K, with an
average U-value lowered to 0.55 W/(m?K). The interventions that
brought about this improvement are illustrated in Fig. 8 and include:
insulation of the vertical walls (marked in orange), insulation of the attic
and the ceilings beneath roof balconies (fuchsia and green areas,
respectively), and replacement of doors and windows with high-
performance units certified to a global transmittance of 1.2 W/(mZ-K),
indicated in blue.

The second set of refurbishment measures involved the transition to
fully electric utilities supported by PV:

e Reversible hydronic heat pump, 11.6 kW nominal capacity,
providing heating, cooling, and DHW through a 380-litre storage
tank.

e PV arrays installed on the south-east (4.8 kWp) and south-west (2
kWp) roof slopes, maximizing well-exposed surfaces, as shown in
figure 8c).

e Battery storage consisting of four 5 kWh units, intentionally over-
sized thanks to incentives and in view of future PV expansion or
integration of other renewables (e.g., wind).

Table 3
Main energy characteristics of the building pre and post refurbishment.
Data Pre - refurbishment Post —
refurbishment

Net heated/cooled surface area 177 177
[m?]

Gross heated/cooled volume 792 810
[m®]

Envelope surface area [m?] 573 581

Envelope surface/volume ratio 0.72 0.72

Overall energy consumption 275 (F class) 103 (A4 class)
[KWh/(m? year)]

Renewable energy consumption 32.30 89.00
[kWh/(m? year)]

CO, emissions [kg/(m? year)] 56 3

Summer solarized surface/net 0.11 0.04
surface

Overall periodic transmittance 0.24 0.11
Yig [W/(m® K)]

Overall averaged envelope heat 1.05 0.55

transfer coefficient U including
air changes [W/(m? K)]
Heating and DHW plant Air/water electric

heat pump (11.6 kW)

LPG boiler (22 kW) +
pellet stove (9 kW)

PV powerplant nominal size 0 6.80
[kwp]
Batteries overall size for 0 20

electricity storage [kWh]

Energy Conversion and Management: X 30 (2026) 101582

The Supplementary Material includes some images of the refur-
bishment works, as well as the electrical layout. Fig. 9 shows the man-
ufacturer’s COP curves (for heating, cooling, and DHW) of the
commercial heat pump adopted in this case study, which can be
considered a suitable representative unit.

In addition to the building, heat pump, PV, and battery specifica-
tions, the following inputs were considered:

o Environmental data: hourly solar radiation and outdoor tempera-
ture for each monthly representative day. Solar radiation data were
obtained from JRC’s PVGIS database (2004-2023 averages) [28],
while temperature data were collected from a certified regional
meteorological station and retrieved from the Tuscany Hydrologic
Regional Database [33].

Baseload (BL) demand: household electricity use for appliances and
lighting, varying daily and seasonally, and strongly dependent on
occupancy, location, and user habits. Since it is difficult to separate
from the load of the reversible HP (heating, cooling, DHW), repre-
sentative values were derived from ARERA’s national database [34],
aggregated by region and household nominal power. Data for 2022
were validated against utility bills from 2020 to 2022 (before
refurbishment), showing that the 4.5-6 kW peak power category
provides a reasonable estimation of BL for the case study. Some
discrepancies were noted in July (due to holiday-related reductions
in real load) and in late 2022 (when the HP was initially activated),
but overall, the agreement between ARERA data and measured
consumption confirmed the adequacy of this approach (Fig. 10 a).

The weighted average hourly baseload profiles for working days and
weekends are shown in Fig. 10b, as an example of the estimation based
on the ARERA database for different monthly representative days. These
results are consistent with national Italian patterns reported by Torriti
(2012) [35], Gallanti et al. (2012) [36], and MICENE Project data
(2004) [37]. Alternative referenced baseload data can also be used in the
model without losing generality.

The indoor set-point temperatures for winter and summer are shown
in Fig. 11. In winter, the temperature is maintained at 20 °C from 7:00 to
22:00, with a progressive warm-up to 18 °C between 5:00 and 6:00 and a
gradual cool-down between 22:00 and 23:00. During the night
(0:00-4:00), the minimum temperature is set at 15 °C. In summer, the
indoor comfort temperature is fixed at 26 °C, constant throughout the
day. Based on these settings, the proposed model was used to dynami-
cally calculate the hourly seasonal COP and electricity consumption of
the reversible heat pump for space conditioning and DHW.

Fig. 12 illustrates an example of the calculated seasonal COP for both
refurbished and non-refurbished cases. In summer, no significant dif-
ferences were observed, while in winter the heat pump consistently
achieved COP values above 3, even without refurbishment, thanks to its
regulation adapted to ambient conditions.

2.3. Material thermodynamic rarity

This research also investigates the rarity of various materials within
Energy System Equipment (ESE) streams using an exergy-based indica-
tor named Thermodynamic Rarity (TR), as proposed by Valero Capilla
et al., (2015) [38]. TR reflects the physical value of metals by consid-
ering the exergy requirements needed to extract and process elements
from the Earth's crust into useful commodities or elements [39,40].
Exergy, defined as the maximum amount of work theoretically possible
in bringing a resource into equilibrium with its environment through
reversible processes [40], serves as the basis for this indicator. Valero
Capilla et al., (2015) [38] established a reference point termed Thanatia,
representing a hypothetical planet with exhausted resources, against
which exergy costs for mining elements are calculated. The TR indicator
combines two aspects: embodied exergy and exergy replacement costs
[38]. Embodied exergy represents the exergy required to extract and
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Fig. 8. Schematic of building plans, insulation interventions and roof with pv.
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Fig. 10. Baseload household daily electricity consumption data, validation and elaboration from ARERA Database.

refine a mineral to produce a useful commodity, while exergy replace-
ment costs encompass the total exergy needed to mine and concentrate a
mineral deposit from average crustal concentration using current tech-
nologies [38]. Minerals are deemed valuable if they are scarce in nature
[40] and/or costly to obtain due to extraction costs [41]. This meth-
odology assigns values to minerals based on their relative abundance in

the Earth's crust and the energy intensity required to refine them [42].
The TR indicator differs from other material assessment approaches
[43], such as material footprints or ecological footprints, by focusing
solely on the physical criticality of mineral resources through consistent
exergy measurement [44,45]. In this instance, Energy System Equip-
ment (ESE) comprises the devices outlined in preceding sections (HP,
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Fig. 12. Example of calculated seasonal Heatpump COP.

PV, WT, BESS). The methodology employed involved creating an in-
ventory of the materials utilized in constructing these devices and sub-
sequently characterizing each material at a chemical level. This
facilitates the assessment of the Thermodynamic Rarity (TR) of each
device.

This kind of analysis applied to buildings energy transition is not
common in literature, which rather focuses on traditional sustainability
indicators such as carbon and energy footprint. For this reason, it in-
troduces the significant TR parameter as a complement of the traditional
ones in the design and sustainability assessment of building energy
transition, representing a relevant novelty point of the proposed paper.

3. Results

This section presents the results of the dynamic modelling and sus-
tainability assessment in three main steps. First, the PV/BESS model is
validated against experimental monitoring data and PVGIS simulations,
highlighting seasonal patterns and system-specific anomalies (Section
3.1). Second, the validated model is applied to investigate the perfor-
mance of different building configurations, focusing on optimal BESS
sizing and the dynamic behaviour of PV/WT/BESS systems across sea-
sons (Section 3.2). Finally, the analysis extends to the evaluation of
material criticality, quantifying the rarity and supply risks associated
with the main energy technologies considered (PV, WT, HP, and BESS)
(Section 3.3).
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3.1. Seasonal results and validation of the model

The dynamic modelling results of building electric utilities supplied
by a PV/BESS/grid system are compared with data from the household
energy monitoring system of the case study introduced in Chapter 3. The
available dataset spans a 17-month monitoring period, starting from the
commissioning of the PV/battery system in August 2023. This timeframe
covers two complete autumn/winter cycles and approximately one and
a half spring/summer periods. The reference case study does not include
a wind turbine; thus, the renewable contribution derives entirely from
the PV system.

Model outcomes were also validated against PVGIS results for the
selected site, with particular attention to matching the PV/BESS per-
formance parameters and BOS efficiency. This tuning is inherently un-
certain, since PVGIS provides BOS losses as a lumped overall value. In
line with PVGIS defaults, a 14 % BOS loss was adopted as the average
reference for model validation. This comparison is especially relevant
because the hourly solar radiation input to the model was sourced
directly from PVGIS (SARAH2 database, CM SAF [46]).

The PV module specifications applied in the model are as follows:

@ PV Panels nominal power size Wpan = 400 W and surface area, Aot
=2m?%

@ Nominal PV current Iy, = 7.88 A, nominal PV voltage Viypp = 37.7
VB

@ Short Circuit PV current Isc = 8.35 A, Open Circuit PV voltage Voc =
46.5V,;

@ Nominal Operating Cell temperature NOCT = 45 + 2 °C;

@ Coefficient of temperature/voltage at open circuit pyoc= — 0.28
%/°C;

@ Coefficient of Short Circuit temperature ogc=+0.05 %/°C;

@ Coefficient of temperature/power Ypmax= — 0.35 %/°C;

@ Nominal efficiency of PV module (nstc = 19.9 %).

The household energy monitoring system records data at 5-minute
intervals. To reduce data volume while preserving representativeness,
15-minute intervals were adopted, with subsequent hourly averaging for
each day.

Fig. 13 presents the validation of the developed model against the
measured data from the case study. Specifically, Fig. 13a illustrates the
comparison between measured data, model outputs, and PVGIS results.
The light blue dots represent 15-minute measurements, while the orange
dots indicate the corresponding hourly averages. The black line refers to
the outcomes of the proposed model, whereas the green line shows
PVGIS estimates. To further assess the quantitative accuracy, Fig. 13b
reports the monthly total productivity obtained from three sources:
measured data (orange), the developed model (black), and PVGIS
(green).

The measured data from the household energy management system
are organized into three categories:

e Inverter data — including PV input parameters such as time-resolved
Maximum Power Point Tracker (MPPT) voltage and current, output
power, inverter status, and temperature.

e Battery (BESS) data — including time-resolved charge and discharge
power, energy charged/discharged, state of charge (SOC), and
operational status.

e Grid meter data — recording the active power exchanged with the
electrical grid.

For illustrative purposes, Fig. 13 presents only two months, repre-
senting the cases of minimum and maximum uncertainty in the results:
April and August, respectively. For completeness, the data for other
representative months are provided in the Supplementary Materials.

The results demonstrate that the model successfully captures the
observed trends, confirming its representativeness with respect to the
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Fig. 13. Comparison of measured and calculated PV production dynamic data.

measured data. The comparison between hourly-averaged measured
data and the dynamically calculated PV production shows, overall, good
agreement. Slightly lower, yet still acceptable, agreement is observed
during the summer months, particularly in August, where both the
model and PVGIS tend to overestimate PV yield, with a relative error of
approximately 9-10 % on total production. April shows a higher
agreement. In general, the model overestimates PV production during
summer, whereas it tends to underestimate it in winter and mid-season
periods. Agreement with PVGIS is satisfactory across nearly all seasons,
with relative errors on total production ranging between 1 % and 3.5 %.

The discrepancies between measured data and model results can be
mainly attributed to two factors:

e Uncertainties in solar radiation data at the plant site during the
measurement period: measured data correspond to 2023-2024,
whereas model inputs are based on PVGIS data averaged over
2005-2023 (PVGIS, 2024 [28]).

Uncertainties in Balance of System (BOS) losses, include mismatch,
reflection, DC losses, soiling, and inverter parameters. The only
directly measured parameter is the inverter efficiency, which shows
satisfactory agreement with the model. Notably, during early and
late daylight hours, the model closely matches measured data,
whereas PVGIS tends to overestimate the PV production due to the
use of a constant, lumped BOS efficiency value. This discrepancy is
largely associated with reduced inverter efficiency at low DC input
power, typical at the boundaries of daylight.

Minor discrepancies between the model and PVGIS outputs are pri-
marily related to uncertainties in PV panel performance: the model uses
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manufacturer-specific data, while PVGIS assumes generic mono-
crystalline technology. Additionally, the lumped flat BOS loss in PVGIS
introduces further differences. Nevertheless, since the radiation data for
the model are sourced from PVGIS, the daily production curves show
strong agreement, confirming the model’s reliability.

The comparison with simulated data derived from the average
monthly day model indicates that the observed discrepancies are
attenuated but remain pronounced during periods characterized by
predominantly clear-sky conditions (July and August), while they are
largely negligible under conditions dominated by diffuse radiation
(October-January). The morning performance of the PV2 string induces
a daily energy deficit of 1-4 kWh on clear-sky days, more pronounced in
summer, thereby accounting for the overestimation of summer energy
yields reported by both the model and PVGIS. This anomaly is attrib-
utable to the PV system itself rather than to model limitations. An
example is reported in Figs. 14 and 15, referred to two days of August
2024: clear sky (Fig. 14) and partially cloudy (Fig. 15). The working
anomaly of PV2 in clear sky day is highlighted by the daily behaviour of
PV2 input voltage drop in 4 — 5 morning hours, from sunrise to about 10
-11 AM.

Considering the inter-annual variability of hourly PV generation, the
PV/BESS model demonstrates a satisfactory level of accuracy and reli-
ability for the purposes of the present study.

This is corroborated by the graphs in Figs. 16a and 16b, which report
the Standard Deviation (STD) of hourly PV generation and the STD
relative to the average hourly generation (STD Rel), respectively, as
estimated by PVGIS for the site of the selected building over the period
2005-2023. Except for the less productive hours around sunrise and
sunset, STD Rel ranges between 5 % and 20 % during central daylight
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a) PV production of a clear sky day in August

b) PVI and PV2 I-V daily behaviour of a clear sky day in August
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Fig. 14. Examples of daily productivity and I-V characteristics of the PV plant in a selected day with clear sky.

a) PV production of a partially cloudy day in August b) PVI and PV2 I-V daily behaviour of a partially cloudy day in August
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Fig. 15. Examples of daily productivity and I-V characteristics of the PV plant in different selected days with clear and partially cloudy sky.
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Fig. 16. Hourly STD of PV production along the years 2005 — 2023 for the selected site.

hours, with higher values in winter and lower values in summer due to
the reduced stochastic component of solar radiation (e.g., less diffuse
radiation in summer). Notwithstanding, the anomaly observed in the
PV2 string under clear-sky conditions, the hourly deviations between
model predictions and measured data generally remain within these
bounds.

3.2. results of dynamic modelling

In line with the objective of this study, which also aims to evaluate
the effectiveness of moderate interventions to enhance energy efficiency

and renewable energy utilization in buildings, the following cases were
analysed:

@ non refurbished building with medium - high overall average heat
transfer coefficient U = 1,05 W/(m? K), UA = 600 W/K with and
without wind turbine;

@ refurbished building with medium - low overall average heat
transfer coefficient U = 0,55 W/(m? K), UA = 320 W/K, with and
without wind turbine.

12
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Fig. 17. Seasonal and average yearly behaviour of Fr vs BR, a) average yearly behaviour of Fr vs. BR; b) seasonal behaviour of Fr vs. BR; refurbished building,

with WT.

3.2.1. Optimal BESS sizing

The dynamic simulation of the building/PV/WT/BESS system
enabled the optimal sizing of the battery to maximize the renewable
fraction (Fr) in meeting the building’s electrical demand across all four
analysed cases.

Fig. 17 a) illustrates the average annual behaviour of Fr as a function
of the Battery Ratio (BR), defined as the ratio between the battery ca-
pacity and PV + WT nominal size: BR = Epattery/PVsize When only PV is
considered, and BR = Epagtery/(PVsize + WTsize) when both PV and WT
are included. As an example, Fig. 17 b) presents the seasonal behaviour
of Fr for the refurbished building with WT, which is representative of the
trends observed in all four cases.

The seasonal analysis highlights a higher sensitivity of Fr to BR from
May to September, where increasing the BESS size results in nearly
constant incremental gains over a broad range. Conversely, from
October to February, the renewable fraction is maximized within a BR
range of 0.4-0.6. The annual average behaviour, depicted in Fig. 18a,
shows that Fr is similar across the four scenarios, indicating a substantial
improvement (approximately 25 %) for BR values above 1 without WT,
and above 0.41 with WT (black dashed vertical lines), beyond which
further BESS size increases yield marginal gains (<10 %). This suggests
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that even a moderate addition of WT can significantly enhance Fr, taking
advantage of the complementarity of solar and wind resources which
allows the BESS size reduction.

The theoretical maximum achievable Fr is 68.7 % for the refurbished
building with PV only, rising to 87.9 % with the inclusion of WT. For the
non-refurbished building, the maximum Fr reaches 60.6 % with PV
alone and 76.4 % with WT. Overall, adopting a BESS with BR = 1 en-
ables Fr = 58.5 % in the non-refurbished building, increasing to 65.6 %
with moderate refurbishment. Introducing a wind turbine further raises
Fr to 76.4 % and 87.9 % without and with refurbishment, respectively,
at a reasonable BR of 0.7 (corresponding to the same actual battery size
in this study). Notably, deploying a BESS within the discussed size range
significantly improves annual Fr, yielding 40-50 % in the refurbished
building and 36-44 % in the non-refurbished building. Without any
storage, the wind contribution alone increases Fr by approximately 10
percentage points.

3.2.2. Dynamic behaviour of PV/WT/BESS system

The dynamic performance of the PV/WT/BESS system is illustrated
in Fig. 18 for the refurbished building scenario, with the non-refurbished
building exhibiting similar trends. Four representative seasonal cases
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Fig. 18. Seasonal dynamic behavior of pv/wt/bess system in refurbished building in different months.

are presented, with the BESS sized at the optimal marginal values
identified in the previous section, corresponding to BR = 1 and 0.41 for
cases with and without WT, respectively. Generally, the contribution of
the WT is more pronounced during winter and cloudy months, such as
November, where wind-generated electricity significantly enhances the
daily renewable fraction (Fy gay). As indicated by the graphs in Fig. 17,
during winter and cloudy months, the ratio of daily wind to solar elec-
tricity generation Ewr,day/Epv,day Tanges from 38 % to over 50 %. In
spring, this ratio remains relatively high at approximately 40 %,
whereas in summer it declines substantially, fluctuating between 15 %
and 20 %. For the site in central Italy, both spring and summer exhibit
high Fr values, reaching 100 % for refurbished buildings equipped with
both PV and WT in April, and 70 % for those without WT. In August, the
corresponding values are 82.9 % and 79 % respectively.

Across all scenarios, the integration of a properly sized Battery En-
ergy Storage System (BESS) provides a substantial contribution to
enhancing Fr, even during autumn and winter. This is evidenced by the
observed BESS state of charge dynamics (SOC) and the extended periods
of zero grid electricity consumption (ELgiq [i] = 0).
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3.3. Rarity assessment of critical materials in building energy transition

The first step of the analysis delineates the chemical composition of
materials utilized in energy devices, as depicted in Fig. 19. Wind Tur-
bines (WT) and Heat Pumps (HP) predominantly consist of Iron (Fe),
constituting 93 % and 80 % of their composition, respectively. Addi-
tionally, WT exhibits minor quantities of Aluminium (Al), Copper (Cu),
and Silicon (Si) at 1.74 %, 1.09 %, and 2.26 %, respectively, with trace
amounts of other elements encompassing the remaining share. In
contrast, HP contains 19 % Copper (Cu) and trace amounts of other
chemical constituents. Notably, Photovoltaic (PV) panels and Battery
Energy Storage Systems (BESS) exhibit greater compositional vari-
ability. PV panels are predominantly composed of 67 % Silicon (Si) and
29 % Sodium (Na), with trace amounts of Aluminium (Al) and Copper
(Cu) at 1.09 % and 2.67 %, respectively. Conversely, BESS comprises
11.2 % Aluminium (Al), 12.3 % Cobalt (Co), 42 % Copper (Cu), 17.5 %
Iron (Fe), 3.08 % Lithium (Li), and 12 % Nickel (Ni).

The TR evaluation illustrated in Fig. 20 provides an overview of the
total TRs of each device, along with the relative contributions of each
chemical element.

A key observation is that the three technologies, such as WT, HP, and
PV, exhibit differing impacts on material criticality. Specifically, the
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Fig. 19. Contribution analysis of chemical elements in each device.

highest TR impact is observed for WT, amounting to 68.2 GJ. Of this,
approximately 50 % is attributed to Fe and 20 % to Al. Minor contri-
butions come from other elements, such as Au (4.7 %), Cu (6.5 %), Mo
(6.2 %), and Ni (5.4 %).

In contrast, the 12 kW HP has a significantly lower TR value of
approximately 21.3 MJ, which is less than one-third of WT's impact. The
impact of HP is primarily driven by Cu (72.0 %) and Fe (27.0 %). On the
other hand, the 7 kW PV system has a TR value of 36 GJ, with 49 % of the
impact attributable to Si and 24.7 % to Na. Additional contributions
come from Cu (9.1 %), Ag (7.4 %), and Al (7.4 %).

The Battery Energy Storage System (BESS) plays a pivotal role in
supporting variable renewable energy systems, such as WT and PV.
Consequently, the TR contributions of these devices must also account
for the impact of the BESS.
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A parametric analysis reveals that for a 1 kWh BESS, the TR impact is
significantly reduced to 5.22 GJ/kg, a substantially lower value
compared to other technologies. However, when scaled to the pre-
selected size of 7 kWh, the TR impact increases substantially, reaching
36.6 GJ/kg. This high impact is predominantly associated with Cobalt
(Co) at 79.2 %, followed by Cu (8.7 %), Ni (5.2 %), and Al (4.5 %).

Finally, it is worth noting that while the TR impact decreases rapidly
with a reduction in BESS size, there is a linear trend of increasing TR
impact as the size of the BESS grows. This implies a significant rise in the
criticality indicator when employing large-scale BESS units. For this
reason, it may represent a valuable complement to the sustainable
design of these systems, besides the traditional ones coming from LCA.

The parametric analysis indicates a significant reduction in impact,
down to 5.22 GJ/kg for a 1 kWh size, a notably lower value compared to
other technologies. However, it is noted that the storage function may
not be adequately fulfilled. Additionally, as the impact decreases rapidly
with a reduction in size, there is a linear trend for an increase in size,
leading to a significant increase in this indicator when large BESS units
are utilized.

4. Conclusions

The energy transition to full electric utilities of a suburban/country
single household in middle Italy, grid connected and supported by a PV/
WT/BESS system has been analysed by a dynamic energy modelling of
academic origin. The level of building refurbishment has been inten-
tionally kept moderate, to maintain the investigation within the area of
affordability.

The analysis has been referred to a real case study of a single-family
house equipped with PV only, against which the PV/BESS model has
been validated and taken as representative of this kind of building. The
model validation against real measured data from the PV/BESS man-
agement system of the household and with compliant PVGIS calcula-
tions revealed a satisfactory level of agreement, despite highlighting a
working anomaly of the PV2 string of the real plant.

In the generalization of the results, four different cases have been
analysed, e.g. non-refurbished and moderately refurbished buildings,
with or without the addition of a WT. The existing high temperature
heating system has been conserved and a high temperature hydronic
seasonally reversable heat pump has been considered. The assessment of
critical element involved in the building energy transition has been
carried out though the thermodynamic rarity methodology. With
renewable fraction Fr as objective function to cover the calculated
electric load, the following relevant conclusions may be drawn:

BESS
[5kWh]

BESS
[4kWh]

BESS
[3kWh]

BESS
[2kWh]

BESS
[1kWh]
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Fig. 20. Thermodynamic Rarity assessment.

15



C. Zuffi and D. Fiaschi

@ The marginal BR maximizing Fr is found at 1 with PV only and 0.4
with PV and WT, achieving a yearly Fr in the range 76 — 87 % with
WT and 58 — 68 % without WT.

@ The use of WT combined to PV and BESS allows significant flexibility
in the possible options of various similar cases to achieve relevant
values of Fr. The PV/WT/BESS size can be conveniently modulated
and harmonized with the affordable building refurbishment level.

@ The thermodynamic rarity assessment of the main energy transition
critical elements has been carried out, highlighting the importance of
flexible solutions in reducing their impact. Renewable variable en-
ergy systems require careful coupling with BESS because the latter
have a very high TR, making it necessary to use the appropriate size
for storage to avoid over-sizing.

The developed dynamic model, validated against real data from a

target building, has shown its effectiveness in the evaluation of PV/

WT/BESS, reliably catching the influence of the main parameters of

building envelope, heating/cooling equipment and renewable/stor-

age system.

The conservation of the existing radiators, which gives a funda-

mental contribution to the affordability in the shifting to heat pump,

was demonstrated feasible and effective.

The future developments of the methodology and the related dy-
namic modelling will consider the economic analysis of the building and
PV/WT/BESS, with minimum cost objective function to determine the
optimal sizing. Elements of Artificial Intelligence (AI), available in the
most recent versions of EES software, will be introduced in modelling
and optimization procedures. Moreover, the combination with a Battery
Electric Vehicle (BEV) will be considered in the framework of integrated
mobility/building energy transition. Finally, the Life Cycle Assessment
(LCA) of the whole system will be applied to evaluate the sustainability
of the operation. The main impact categories, with special reference to
the critical materials, will be combined to the Thermodynamic Rarity in
the overall sustainability assessment of building energy transition.
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